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Abstract 
Skin diseases are common in the UK, especially in children where 34% suffer 
from such diseases at some point [1]. Wound care and management is also a 
significant burden to the UK healthcare system, estimated at an annual cost of 
£5.3 billion [2]. Epidermal pH gives an indication of the physiological condition 
of the skin and the healing progress of wounds [3]. An effective pH-sensing 
dermal patch would provide non-invasive skin and wound monitoring, aiding 
treatment. The aim of this work was to develop a fibre-based flexible electrode 
to measure skin/wound pH. This will facilitate point-of-care analysis and allow 
appropriate care to be administrated by medical professionals.  
Highly conductive wet-spun poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate) (PEDOT:PSS) fibres, a prior concept developed by Reid 
et al. [4], were adopted for pH analysis. With an optimised polyaniline (PANi) 
coating, these fibres displayed Nernstian responses (in a solid-state sensor 
containing a fabricated quasi-reference electrode) across a pH range of 3.0 to 
9.0 when in contact with both pH-adjusted artificial sweat matrix and human 
plasma; the fibres had additional desirable antibacterial and biocompatible 
properties. To date, wet-spun PEDOT:PSS fibres have not been adopted in a 
chemical sensing capacity. This invention provides opportunities for future 
wearable, fibre-based sensors capable of real-time, on-body pH sensing (to 
monitor wound healing and skin disease). However, a primary limitation was 
poor tensile strength (32 ± 11 MPa), which could lead to fibre breakages in real-
life wearable applications. To overcome this limitation, another substrate, 
modified electrically conductive cotton, was explored.  
 5 
A simple and effective “dipping and drying” approach involving cotton 
yarns in a dispersion of PEDOT:PSS and multi-walled carbon nanotubes 
(MWCNT) resulted in the development of a flexible, highly conductive cotton 
fibre. Subsequent PANi deposition yielded electrodes with significant 
biocompatible and antibacterial properties that could be fabricated (alongside 
quasi-reference electrodes) into a solid-state wearable pH sensor, which 
achieved rapid, selective, and Nernstian responses (-61 ± 2 mV pH-1) over a 
wide pH range (2.0 – 12.0), even in pH-adjusted artificial sweat matrix and 
human plasma. To date, there is no prior published research that reports on this 
combination of conductive materials and cotton in such a sensing capacity. 
Furthermore, few previous reports have described conducting cotton threads 
with low enough electrical resistances to allow the electrodeposition of 
functional polymers, like PANi, whilst retaining the necessary flexibility for 
wearable applications. Thus, this development represents an important 
progression towards the realisation of real-time, on-body, wearable sensors. 
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the hydrogen ion activity [47]. 
p. 32 
Equation 2.1 Percentage reduction of AlamarBlue®, where EOX, ERED, A 
and C are the molar extinction coefficients of oxidized and 
reduced AlamarBlue®, absorbance and concentration at 
600 nm and 570 nm, respectively (according to 
instructions provided by AlamarBlue® kit manufacturer).   
 
p. 73 
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Abbreviations 
Ag/AgCl-gauze  Ag/AgCl ink cured onto gauze fabric 
CNT    carbon nanotubes 
BCF    bundle of carbon fibres 
CV    cyclic voltammetry 
DI    deionised water 
DJE    double junction electrode 
DMA    dynamic mechanical analysis 
DMSO   dimethyl sulfoxide 
DOS    bis(2-ethylhexyl) sebacate 
EDX    energy dispersive X-ray 
EG    ethylene glycol 
E. coli   Escherichia coli  
FITC    fluorescein isothiocyanate  
GF    gauze fabric 
GFP    green fluorescent protein 
MWCNT   multi-walled carbon nanotubes 
PANi    polyaniline 
PEDOT-MWCNT  PEDOT:PSS and MWCNT dispersion  
pH-ISM   ion-selective membrane for pH sensor  
PVB    polyvinyl butyral resin 
PVC     poly(vinyl chloride) 
PEDOT:PSS   poly(3,4-ethylenedioxythiphene)-poly(styrenesulfonate) 
KTFClPB    potassium tetrakis(4-chlorophenyl)borate 
RF-ISM   ion-selective membrane for pseudoreference sensor 
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Quasi-Ag/AgCl  fabricated, quasi-reference electrode  
SEM    scanning electron microscopy 
S. pyogenes   Beta-hemolytic Streptococcus 
SWCNT   single-walled carbon nanotubes 
YFP    yellow fluorescent protein 
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1. Introduction 
 
The continuous monitoring of health is of great interest, as it may improve quality 
of life and lead to the earlier diagnosis of disease/infection [5].  An important 
indicator of health is the bodily chemical state [5].  Variations in pH, in particular, 
have numerous health implications, which will be explored in this chapter. The 
main aim of the research presented in this thesis is to develop a new approach 
for the continuous detection of pH via a wearable, textile-based pH sensor for 
wound bed and skin disease management. The review of the literature in this 
chapter examines wearable sensing with particular emphasis on the monitoring 
of pH in wounds and skin. It also examines the various types of wearable pH 
sensors, the electrode materials of interest and finally the fabrication methods 
for fibre electrodes.  
1.1 pH Sensing  
1.1.1 Definition of pH   
pH sensing involves the measurement of hydrogen ion activity (aH+) [6]. pH can 
be determined by a negative logarithmic scale of aH+ in a solution, with values 
ranging between 0.0 and 14.0 (expressed mathematically in Eq. 1.1).  
 
(a) 𝒑𝑯 =  −𝐥𝐨𝐠 [𝒂𝑯+]  (b) 𝒂𝑯+ = 𝜸[𝑯
+] 
Eq. 1.1 Definition of (a) pH, (b) Activity of hydrogen ions, where γ is the activity coefficient and 
[H+] is hydrogen ion concentration [7].  
Because of the difficulty in accurately measuring the aH+ in solution, the 
International Union of Pure and Analytical Chemistry (IUPAC) and the National 
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Bureau of Standards have defined pH as the reading on a pH meter that has 
been calibrated against standardised buffers [6].  
1.1.2 Characteristics of a sensor 
A sensor is a device that detects a physical or chemical property and responds 
to it. There are a number of attributes that a sensor possesses, namely 
accuracy, precision, sensitivity, limit of detection, linear range and selectivity. 
Briefly, accuracy is the difference between the measured value to the true value 
and precision is the closeness of replicate measurements to each other [7]. 
Sensitivity is the capability to measure changes in analyte concentration, and 
defined by the slope of output signal vs. concentration curve [8]. Limit of 
detection is the minimum analyte concentration that can be detected [8]. Linear 
range is the range across which the sensor responds linearly with analyte 
concentration [8]. Selectivity is the capability of a sensor to detect the analyte 
in the presence of other possible species in the sample [8].    
1.1.3 Importance of pH monitoring   
1.1.3.1 Monitoring of wound beds  
The pH level is a crucial chemical property of wounds and diseased skin. The 
pH of wound beds can give physiological information about the healing progress 
and bacterial infection of a wound [9]. There are two types of wounds: acute and 
chronic. Acute wounds progress through the normal stages of healing, whereas 
chronic wounds do not progress normally and show no sign of healing after four 
weeks [10]. 
Acute wounds heal in four distinct but overlapping stages: haemostasis 
(1-3 days), inflammatory reaction (3-20 days), cell proliferation (1-6 weeks) and 
remodeling (6 weeks - 2 years) [11]. Immediately after a wound is formed, the 
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haemostasis stage begins, where the wound is closed by creating blood clots 
[11]. The second stage is the inflammatory reaction, where localised swelling 
occurs and damaged cells, pathogens and bacteria among others, are removed 
from the wound area [11]. The next stage is cell proliferation, where collagen is 
produced that aids healing [11]. The last stage is the remodeling phase, which 
is where the wound is closed [11]. A scar forms and the collagen remodels the 
skin over the next 24 months, fading the scar from red to white [11, 12].  
The pH of a wound bed can be indicative of the healing stage and 
bacterial infection, and thus guide the appropriate medical care. Unwounded 
skin is naturally acidic, ranging from pH 4.0 to 6.0, resulting from the natural 
lactate-bicarbonate buffer system of amino acids, fatty acids and others (Fig. 
1.1) [3, 13]. After disruption of the skin barrier, such as by a wound, the pH 
increases up to 7.4 (alkaline), the bodily internal pH [3, 13]. As the wound heals, 
the pH decreases, becoming neutral (pH 7.0) and then more acidic to reduce 
the risk of infection and to aid the proliferation stage [3, 13].  However, if a 
wound fails to progress through the normal healing phases, it remains in the 
inflammatory phase (alkaline pH) indefinitely and is classed as chronic [3, 13]. 
Chronic wounds commonly occur in leg ulcers, diabetic foot ulcers and pressure 
ulcers, and contrary to acute wounds, exist at an alkaline pH between pH 7.2 
and 8.9 [9]. Hence, the measured pH value of a wound bed could clearly 
indicate how the healing is progressing.  
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Fig. 1.1 The pH over time in healthy skin, acute and chronic wounds. Adapted from Schneider 
et al., 2007 [3]. 
 
In addition to the healing stage, the pH of a wound bed can be indicative 
of bacterial infection. Most human pathogenic bacteria grow optimally in a 
narrow specific range, generally at pH 6.5 and above. For example, 
Staphylococcus aureus grows in the narrow pH range of 7.0 to 7.5, and 
commonly contaminates wounds and delays healing [14, 15].  Due to this 
narrow pH range, the pH measurements could be used to determine infection 
and therefore guide the prescription of antibiotics. Moreover, it would allow the 
pH to be shifted downwards by topical agents to counteract bacterial growth. 
This was demonstrated in a study by Leung et al., who used a topical solution 
of acetic acid and sterile water (i.e. diluted distilled white vinegar) to lower the 
pH in patients undergoing continuous ambulatory peritoneal dialysis [16]. Leung 
et al. reported the eradication of the infection of Pseudomonas aeruginosa in 37 
out of 38 of the cases with no relapse [16]. If bacteria are left to proliferate 
dramatically in a wound, healing is delayed and greater scarring occurs [17]. 
Thus, the constant monitoring of wound bed pH is important in medical care to 
prevent the neglect of wounds, infection and scar formation.  
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1.1.3.2 Monitoring of skin disease  
The skin is composed of three primary layers: the epidermis (outermost), the 
dermis and the hypodermis (innermost) [18]. The outermost layer of the 
epidermis is the stratum corneum, which is slightly acidic and called the ‘acid 
mantle’ [18]. The ‘acid mantle’ maintains the pH range of the skin between 4.0 
and 6.0 [3, 13]. This prevents bacteria, viruses and other potential contaminants 
from penetrating the skin [18]. This is because this acidic pH is an optimal pH 
for the antimicrobial proteins produced by keratinocytes, and also inhibits 
pathogenic bacteria (e.g. Staphylococcus aureus), which favor a neutral pH 
[19]. Additionally, within this range, the skin is at its optimal hydration and 
functioning of elasticity and barrier [19]. 
Surface pH is a vital component of many normal functions in human skin 
[19]. Skin pH can be influenced by a wide range of endogenous factors, such 
as skin moisture, sweat, genetic predisposition and age [20]. Exogenous factors 
can also affect skin pH, such as fabrics, perfumes, pets, detergents, cosmetic 
products and topical antibiotics [20]. Changes to skin pH can cause flare-ups in 
sufferers of skin diseases, such as irritant contact dermatitis, atopic dermatitis 
(i.e. eczema) and acne vulgaris [21]. A flare-up starts with severe itching, which 
results in a rash that makes the itching worse [21]. Treatments involve skin care 
with the use of medications and prevention of environmental triggers [21]. 
1.2 Wearable pH sensors  
1.2.1 Significance  
Wearable sensors are integrated directly onto wearable objects (e.g. textiles) or 
the skin (e.g. via temporary tattoos, applied by skin adhesive patch) for non-
invasive and continuous analysis in real-time. They offer the opportunity to 
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monitor health and healing by non-invasive means, through direct contact with 
the wound bed or skin surface [5].  
Wearable sensors would be beneficial in the continuous, real-time 
monitoring of pH in wounds and skin. Current methods do not allow continuous, 
real-time monitoring. The most frequent instrument used is a glass top electrode 
probe attached to a meter, which is first calibrated, rinsed and then placed flat 
against the wound/skin for 30 s [22-24]. The resulting measurement is then 
displayed on the meter. These sensors are ideal for single use measurements 
by medical staff for diagnosis or for medical research. However, this method 
prevents continuous monitoring, unlike wearable sensors. Also, the main 
problem with this current method is that the dressing must be removed prior to 
measurement, which results in inaccuracies of the measurements due to a loss 
of carbon dioxide (loss of carbonic acid) and heat from the wound [22-24]. A 
further problem is that these electrode probes cause tissue disruption (placed 
flat on the wound/diseased skin) and thus cell death [25]. Additionally, often 
dressings are replaced on existing wounds to allow the healing or infection of 
the wound to be monitored/assessed. This results in a large number of 
dressings being unnecessarily changed, leading to an increased risk of infection 
in the wound by exposing it to the external environment, and also increased 
wastage.  
Continuous monitoring could detect the presence of any bacterial 
infection and provide an early warning system for infected wounds, prior to 
visible signs of infection in the wound, which can take 1-3 days to appear. 
Similarly, the continuous monitoring of diseased skin could act as an early 
warning system against potential aggravations and prompt sufferers to apply 
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treatments (e.g. topical creams) to keep the skin disease at a manageable level 
and prevent potential flare-ups. A pH value is preferable as the first sign of a 
flare-up rather than painful irritation.  
1.2.2 Fabrication of wearable sensors 
Wearable sensors demand innovations in both the materials and fabrication 
processes. There are two main approaches to wearable sensor fabrication: 
printing and weaving, and these have usually been applied to items of clothing, 
rather than wound dressings.  
The main component of printed sensors is conductive ink (i.e. a liquid 
suspension of organic/inorganic/metallic particles). This conductive ink is 
uniformly deposited on the desired substrate and dried [26]. The ink can be 
printed either directly onto clothing, or onto a thermoplastic or elastomeric 
substrate (e.g. polyimide (Kapton®)) [26]. Printing onto a desired polymeric 
substrate permits the transferring of the printed sensor to the skin by a ‘wet rub-
on’ method (similar to commercial temporary tattoos; where the tattoo paper is 
moistened with water to dissolve a water soluble release agent, which allows 
the tattoo to stick to the skin [27]), rather than injecting/skin-piercing (i.e. 
temporary transfer tattoo sensors) [28, 29]. This ensures close contact with the 
skin and allows the sensor to be concealed under artistic tattoo designs [30], 
making the sensor inconspicuous and aesthetically pleasing [31]. These 
temporary transfer tattoo sensors have been used to detect zinc, sodium and 
lactate among other electrolytes in sweat during exercise [30, 32, 33]. This 
sensor type is advantageous for some applications, such as monitoring of sweat 
during exercise (light-weight and short-term) and monitoring of children 
(increases compliance among children as more aesthetically pleasing) [31]. 
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Alternatively, printing onto items of clothing (e.g. cotton underwear [34]) 
provides direct and tight skin contact for sweat analysis with a “wear-and-forget” 
paradigm [28, 34]. An important consideration is the fabric, which would have 
to meet several requirements. Firstly, the fabric would need to be chemically 
inert, so that it does not react with any analytes in the sample, which would lead 
to inaccurate measurements. Secondly, the fabric would need to be light-to-
wear, durable and mechanically and structurally flexible to enable care-free use 
by the wearer [28, 35]. In addition, it would desirably be hydrophobic to eliminate 
the moisture accumulation on the electrode and allow repeatable sensing on the 
surface [28]. Yang et al. developed screen-printed sensing underwear [34]. 
However, they could not analyse a sample for more than 60 s because the 
hydrophilic fabric absorbed the test solution [34], highlighting that further 
research is required. 
Printing techniques include contact and non-contact printing [26]. These 
involve either pressing patterned structures with inked surfaces onto the 
substrate (contact printing, e.g. gravure-offset printing), or dispensing the ink 
through a nozzle into a pre-programmed pattern onto the substrate (non-contact 
printing, e.g. screen-printing and ink-jet printing) [36]. Screen-printing is used 
for printing thick films. The substrate is secured and the ink is poured onto the 
stencil and squeegeed (flat tool that controls the ink flow) across the stencil, 
resulting in the ink being transferred through the stencil openings onto the 
substrate below [36]. Ink-jet printing is used for printing thin films/lines and uses 
an ink-jet nozzle head that generates a pulse via a thermal, piezoelectric or 
electrohydrodynamic actuator and ejects droplets of ink [36]. These techniques 
can be translated into large scale roll-to-roll printing, allowing the possibility for 
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large scale sensor production [36]. Several studies have tailored the various 
inks, textile and printing process as necessary to fit the relevant function, such 
as the addition of enzymes into the inks for biomonitoring [37-39]. 
An alternative fabrication technique to printing is weaving. This involves 
the weaving, knitting or sewing of conductive fibres or metalised textile yarns 
onto textiles (i.e. e-textiles). For example, a carbon nanotube strain sensor was 
fixed to a stocking for human motion detection [40]. These e-textiles have been 
adopted in various wearables, such as gloves, shirts and socks [41-43], 
demonstrating the promise for integrated flexible sensors in textiles in the future 
[36]. E-textiles provide an electrically conductive and sensing fabric that is 
comfortable to wear and soft to touch [44]. Nonetheless, there are challenges, 
owing to their current high cost and difficulty in electronics integration [36].   
Wearable sensors are either printed or woven depending on the desired 
application. Previously, e-textiles have had a strong link to health applications 
because they are comfortable to wear and allow the invisible integration into 
garments [45]. This offers the opportunity to monitor a patient unobtrusively 
long-term [45]. In addition, temporary tattoo sensors are inapplicable for 
wound/skin monitoring, as the application of a temporary tattoo would cause 
irritation to the infected/diseased skin. Thus, the focus of this current research 
will be e-textiles, as it is more appropriate for the desired application of 
wound/skin monitoring.  
1.2.3 Challenges 
A wearable pH sensor for wound/skin monitoring would have several 
challenges. Firstly, a sensor must work effectively over the specific dynamic 
range of pH 4.0 to 9.0 because wounds range from 4.0 to 9.0 and skin pH ranges 
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from 4.5 to 7.0 [9, 13]. Secondly, the temperature of a wound bed and skin 
ranges from 31.0 to 37.0 C and from 32.0 to 36.0 C, respectively, and 
therefore the sensor would need to operate accurately within these ranges [46, 
47]. Thirdly, wound beds are composed of fibrin (a byproduct of the clotting 
cascade), white blood cells, bacteria, dead tissue and proteinaceous material 
[48, 49], and sweat is composed of sodium, chloride, potassium, lactate, 
calcium and ammonia, among other constituents [50, 51]. Thus, the sensor 
must be selective to discriminate between the target analyte and these 
interferences present in the wound/skin [52]. A fourth requirement is that the 
response of the sensor must be stable and remain constant over time. This is 
often a challenge because the sensor is continuously in contact with a biofluid, 
which can cause chemical changes and irreversible non-specific adsorption on 
the surface [52]. The last requirement is that the sensor will be woven into a 
wound dressing or another wearable item, thus the sensor must be non-
toxic/biocompatible, not cause irritation to the wound/diseased skin, and not 
encourage bacterial growth. This is because these effects would be harmful to 
the wearer and counterproductive to any healing promoted by the bodily healing 
process, topical agents or antibiotics.  
1.2.4 Types of wearable chemical sensors   
Numerous wearable chemical sensors have been developed in recent years. A 
chemical sensor measures an analyte (i.e. substance of interest) and consists 
of a receptor and a transduction element (Fig. 1.2) [53]. The receptor recognises 
the analyte and converts the chemical information (e.g. concentration of the 
analyte) into a form that can be measured by the transducer, such as via a thin 
chemically sensitive layer on the receptor interacting with the analyte molecules 
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(Fig. 1.2) [53]. The transducer converts one form of energy into another, namely 
the chemical information from the receptor into a useful analytical signal, either 
through optical or electrochemical means [53].  Colorimetric (optical) and 
electrochemical mechanisms have both been demonstrated in wearable pH 
sensing (see below).  
 
Fig. 1.2 Scheme of biosensor. Adapted from Bhalla et al. [8].  
 
1.2.4.1 Wearable colorimetric sensing platforms 
Colorimetric sensors involve the colour change of pH indicator dyes and the 
resulting fluorescence/absorption is observed using optical techniques, such as 
a fluorimeter or spectrophotometer [53-55]. pH indicator dyes are organic dye 
molecules that are weak acids and bases, which change in electronic structure 
by the loss/addition of protons, allowing the molecules to absorb light at a 
specific wavelength (λmax) [55]. Common indicator dyes used for physiological 
monitoring purposes include bromocresol purple, phenol red and 
naphtholphthalein [56].  
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Fluorescent indicator dyes absorb light of a specific wavelength and re-
emit the light at a different characteristic colour, whereas absorption indicator 
dyes absorb light at different characteristic wavelengths and intensities [55]. 
These depend on the concentrations of conjugate acid and base forms [55]. An 
equilibrium exists between the acidic and basic forms of the indicator dye and 
thus the loss/addition of a proton will cause a response depending on the 
relative proportions of acidic/basic forms [55]. For example, cresol red is an 
adsorption indicator dye with a λmax of 434 nm for the acidic form, λmax of 572 
nm for the basic form and a pKa of 8.2 [55]. As the pH is increased from 6.0 to 
8.2 (its pKa), the equilibrium of the acidic/basic forms will shift towards the basic 
form [55]. This will result in the heights of the absorption peaks changing 
proportionally to the concentrations of the acidic/basic forms, which will be 
measured by an optical detector and used to determine the pH (according to the 
Beer-Lambert law, Eq. 1.2) [55].  
 
𝑨 =  𝜺𝑪𝒅𝒚𝒆𝒍 
Eq. 1.2 Beer-Lambert’s law, where A = absorbance, ε = extinction coefficient, Cdye = 
concentration of the indicator (mol dm-3) and l = path length (cm) [55]. 
 
Colorimetric sensors offer several advantages, such as an absence of 
electrical noise and ease of miniaturisation [56]. Nonetheless, limitations have 
been found in previously developed wearable e-textile colorimetric sensors. 
Various groups have developed wearable colorimetric pH sensors by coupling 
pH-sensitive dyed fabric with optical detectors for sweat and skin analysis [50, 
57, 58]. The limitation was that there was a time delay with the pH-sensitive 
dyed fabric changing colour in response to a change in sweat pH. The sensor 
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developed by Coyle et al., Caldara et al. and Morris et al. took 5, 10 and 20 min 
to respond and stabilise, respectively [50, 57, 58]. Another optical strategy was 
adopted by Curto et al. in the use of functional hydrogels coated onto optical 
fibres, which were sensitive to a change in refractive index with varying reactive 
protein concentration and pH [59]. This sensor was able to monitor over 135 
min, but was only single-use [59].   
1.2.4.2 Wearable electrochemical sensing platforms  
Alternatively, electrochemical sensors convert the chemical signal to an 
electrical signal [60]. There are four types of electrochemical sensors: 
voltammetric, amperometric, conductometric and potentiometric [60]. 
Voltammetric sensors measures the current as the potential is varied. 
Amperometric sensors measure changes in current flow at a specific potential, 
and are primarily used for the detection of redox active compounds, which are 
oxidised/reduced at the sensor surface and change the flow of current [60]. 
Conductometric sensors measure conductivity/resistivity changes and consist 
of a material that selectively absorbs analytes and changes its 
conductance/capacitance (i.e. ability to store electric charge) when exposed to 
this analyte [60]. Potentiometry relies on changes in electrochemical potential 
at the sensor surface, which is related to the analyte activity in the sample 
through the Nernst equation (Eq. 1.3) [60].   
Potentiometric measurements are the most widely used method for pH 
measurement via glass membrane electrodes (commonly known as a pH meter) 
[54].  This pH meter consists of a reference electrode and an indicator electrode, 
which are combined within the same body with an internal filling solution (e.g. 
saturated 3 M KCl) [55]. The indicator electrode contains a glass membrane at 
 32 
the tip of the electrode, which is made from silica and metal salts and enables 
the protons in solution to interact with the glass, while the reference electrode 
provides a stable potential throughout the measurements [55]. The pH meter 
measures the potential difference between the reference and indicator 
electrode, which arises from the difference in activities of the H3O+ ions between 
the sample and the reference solutions [54]. The pH of the unknown solution 
can be then determined using the Nernst equation (Eq. 1.3). From this, it is 
calculated that an ideal Nernstian slope (of plotted graph potential vs. pH) at 25 
°C (298.0 K) is a 59.2 mV change for each tenfold change in H+ concentration 
(mV pH-1) [47]. A “Nernstian” response is a slope between 58 to 62 mV pH-1; 
above this, the response is described as “super Nernstian”.  
𝑬 =  𝑬𝑹𝑬𝑭 +  
𝑹𝑻
𝒏𝑭
𝒍𝒏𝜶𝑯+ 
Eq. 1.3 Nernst equation, where EREF is the reference voltage, R is the gas constant (8.314 J K-1 
mol-1), T is the absolute temperature (K), n is the number of electrons transferred, F is the 
Faraday’s constant (96,485 C mol-1), and H+ is the hydrogen ion activity [47]. 
Electrochemical sensors have attracted great interest in wearable 
sensing owing to their ease of miniaturisation, low-power requirements (no light 
sources/detectors) and simplicity, which offers continuous, reversible and real-
time analysis [52]. Various approaches have been adopted for the textile-based 
monitoring of wound/skin. The first example is the pad-printed wound sensor 
developed by Sharp et al. [61]. This measured uric acid concentrations based 
on the level of oxidation of immobilised uric acid on carbon fibres after applying 
a voltage sweep [61]. A linear Nernstian shift is observed for the simple buffered 
solutions (pH 4.0 to 10.0), but in the pH-adjusted simulated wound fluid, the 
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calibration curve is not linear [61].  This may be due to interactions between the 
interferences (e.g. proteins, inorganic anions) in the simulated wound fluid and 
the immobilised uric acid that is altering the protonation states [61], and thus, 
further work is needed to investigate and resolve this issue.  
A second approach by Nocke et al. is the use of a pH-responsive hydrogel 
coated onto gold wire, which responded to changes in pH with a correlating 
impedance reading [62]. A 14% increment in absolute impedance was reported 
from pH 6.0 to 9.1 [62]. However, the calibration curve reported does not show 
a linear increase of impedance between pH increments, which would give 
inaccurate measurement values. Additionally, the sensor is required to sense in 
the range 4.0 to 9.0 to ensure that it can detect across the entirety of the pH 
range of both healthy and damaged/infected wounds/skin [9, 13].  This shows 
the need for more optimisation of the pH-sensitive hydrogel layer. Moreover, 
detailed research into the mechanical behaviour of the hydrogel in the biological 
conditions of a wound are required, because the conditions in which the 
hydrogel matrix swelled are reported with ambiguity [62].  
The final example is the approach of Guinovart et al. that involved the use 
of a PANi-coated carbon layer in combination with a screen-printed Ag/AgCl 
electrode [63]. The use of fibres/wires in the previous examples would allow 
easy integration, such as by weaving into a wound dressing [50, 57, 62, 64]. 
However, Guinovart et al. used a different approach of screen-printing the 
electrodes directly onto the bandage [63]. An analysis over an extended period 
of time (100 min) was performed using a polyethylene glycol (PEG) hydrogel to 
emulate healing tissue. This demonstrated that the pH indicator bandage could 
monitor pH fluctuation over 100 min. However, this would need to be extended 
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for the monitoring of wound healing over time, which can take from days to 
weeks [65]. Therefore, more research is needed into the prolonged use of the 
sensor. Additionally, the range of the sensor was reported to be 5.5 to 8.0, which 
is narrower than the dynamic range for wounds/skin (4.0 to 9.0 [9, 13]).   
Evidently, the prior research into this requirement for an in-situ, 
continuous measurement of wound/skin pH needs to be improved. Research 
into shelf-life and stability, a lack of a linear response, and an inability to 
measure the required pH range of wounds/skin (4.0 to 9.0 [9, 13]) need to be 
examined. The work reported in this thesis focuses on wearable electrochemical 
sensors and aims to address these previous limitations using both wet-spun and 
conductive cotton fibres coated with a pH-sensitive coating of PANi.  
1.3 Electrode Materials of Interest  
1.3.1 Conducting polymers (CPs) 
Recently, there has been great interest in the development of electrochemical 
e-textile sensors through the use of advanced materials, such as conducting 
polymers (CPs), carbon nanotubes (CNTs) and ion-selective membranes.  
Electrically CPs (such as, polypyrrole) have been produced on many 
structures [66]. The electrical conductivity arises from the presence of 
conjugation along the polymer backbone and imparted via doping.  
In a conjugated polymer, a delocalised π system is formed by the overlap 
of the p-orbitals that form the double bonds, providing a pathway for the flow of 
electrons through the delocalised system [66]. However, most organic 
conjugated polymers cannot conduct until there are charge carriers within the 
structure. This is because an electric current is the movement of charge via 
electrons (e-) or holes (h+). These charge carriers are introduced via doping [66]. 
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There are two doping processes; p-doping and n-doping, which can be 
either an acid-base or redox reaction [67]. Acid-based p-doping involves the 
transfer of a proton (H+) to the Highest Occupied Molecular Orbital (HOMO) 
level of the polymer, while n-doping involves a hydride (H-) transfer from the 
Lowest Unoccupied Molecular Orbital (LUMO) level of the polymer [67]. In redox 
p-doping, an electron is transferred from the HOMO of the polymer to the LUMO 
of the dopant species (Fig. 1.3), while redox n-doping involves the movement of 
an e- from the dopant species to the LUMO of the polymer [66, 68, 69]. These 
two REDOX doping processes introduce charge carriers: positive/negative 
polarons (radical ions), bipolarons (dications/dianions) and solitons (radical with 
unpaired π e-) [66, 68, 69]. The charge carriers move along the polymer chain 
by a hopping mechanism, allowing the polymer chain to conduct [69].  
 
Fig. 1.3 Schematic for p-doping of PEDOT and the resulting band structure [67]. 
 
Conductivity can be modified to suit specific applications by modifying the 
doping level, monomer and doping types, and the conditions under which the 
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polymer is fabricated [70]. For example, the conductivity of PEDOT:PSS has 
been increased by treating with dimethyl sulfoxide (DMSO), thereby reducing 
the concentration of the dopant PSS and increasing the charge transport so 
allowing its use in solar cells (see section 1.3.1.2 for more information) [71]. 
CPs have been used in wearable applications, including sensors [72], 
due to their high electrical conductivity and their lightweight and flexible nature 
(an advantage over metals) [66, 73]. Additionally, CPs, in particular polypyrrole, 
polyaniline (PANi) and polythiophene, have been demonstrated to have good 
compatibility with cell and tissue in vitro and in vivo [74-77]. Furthermore, CPs 
are less toxic to the environment than many commonly used metals [74-77]. 
1.3.1.1 Polyaniline (PANi) 
PANi is a promising CP because of its low cost (cheap monomer), adjustable 
properties, high polymerisation yield and easy synthesis [78]. The most 
interesting property of PANi is its variety of oxidation states that make it both pH 
and oxidation/reduction dependent (Fig. 1.4). The three base forms are 
leucoemeraldine (fully reduced), emeraldine (half-oxidised) and pernigraniline 
(fully oxidised) (Fig. 1.4). Emeraldine salt is the conductive form because the 
imine (=N-) sites are protonated to the bipolaron (dication salt) form (-N+-), which 
then undergoes rearrangement to form delocalised polaron lattice 
(polysemiquinone radical-cation salt, Fig. 1.4) [79, 80]. For example, the 
undoped form of polyaniline (emeraldine base) has a conductivity of 10-10 S cm-
1 yet once p-doped with HCl (e- acceptor) (emeraldine salt) conductivity is ca. 4 
S cm-1 [81]. 
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Fig. 1.4 Oxidation states and doping of PANi [82].  
 
The ability to reversibly change conductivity with protonation allows PANi 
to be used for a number of sensing applications, such as ammonia and pH 
sensing [80]. For example, Brannelly et al. developed a blood ammonia sensor, 
in which the ammonia deprotonated the backbone of the ink-jet printed PANi 
layer, resulting in an increase in resistance (measured using electrical 
impedance spectroscopy) due to the de-doping of the conducting emeraldine 
salt to non-conducting emeraldine base [83, 84]. Another example is the use of 
electropolymerised PANi on ink-jet printed PEDOT:PSS (supported on a 
polyethylene naphthalate (PEN) substrate) by Vacca et al. in potentiometric pH 
measurements from pH 2.0 to 14.0 [85]. At an acidic pH (pH < 7.0), there was 
a higher concentration of protons (H+ ions) in solution, which doped the 
backbone and hence, converted PANi to the emeraldine salt form (Fig. 1.4). At 
a pH > 7.0, the higher concentration of OH- in solution de-doped the backbone 
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of protons and resulted in conversion to the non-conducting emeraldine base 
form. 
Wearable sensors for pH analysis have been prepared using different 
strategies, but the development of an e-textile pH sensor using PANi has been 
scarcely explored [64, 86, 87]. Previous publications developed screen-printed 
sensors, except the sensors developed by Kaempgen et al., who successfully 
sprayed carbon nanotubes (CNT) onto a wire fibre that was then 
electrodeposited with PANi [64]. However, the response was not reproducible, 
with sensor responses varying between Nernstian to super Nernstian (pH 1.0 to 
13.0) [64].  
1.3.1.2 Poly-(3,4-ethylenedioxythiophene): poly(styrenesulfonic 
acid) (PEDOT:PSS) 
One of the most widely used CPs is poly-(3,4-ethylenedioxythiophene) 
(PEDOT) due to its low price (e.g. ~€6/g for OrgaconTM pellets), high electrical 
conductivity, and environmental and thermal stability [88, 89]. Examples of the 
use of PEDOT in organic electronic devices include solar cells [90-92], 
transistors [93, 94], organic light emitting diodes [95] and thermoelectric devices 
[96, 97].  
Despite these benefits, a major challenge with using PEDOT is its 
insolubility in water. This prevents solution processing, which hinders its 
preparation in a straightforward and reproducible manner (crucial for use in 
industry) [98]. Therefore, poly(styrenesulfonic acid) (PSS) is used as a dopant 
to form a conductive yet water-dispersible polymer called PEDOT:PSS (Fig. 1.5) 
[99]. However, the addition of PSS greatly reduces the conductivity of 
PEDOT:PSS; PEDOT can have conductivities > 1,500 S cm-1, whereas, the 
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copolymer PEDOT:PSS is < 1 S cm-1 [100, 101]. Solvent treatments have been 
shown to increase the electrical conductivity of PEDOT:PSS films and fibres by 
removing the insulating PSS from the PEDOT:PSS and eliciting the re-ordering 
of the polymer chains [100, 102]. Examples of solvents used include organic 
acids, methanol and ethylene glycol [100, 102]. This overcomes the limitation 
of poor solubility, and allows simple processing in aqueous media and via 
commercially scalable methods (namely wet-spinning) [88, 89].  
 
 
Fig. 1.5 Chemical structure of PEDOT (left) and PSS (right) [103]. 
 
1.3.2 Carbon nanotubes (CNT) 
The most well-known form of carbon nanomaterials are CNT that consist of one 
(single-walled - SWCNT) or multiple (multi-walled - MWCNT) graphene sheets 
rolled into cylindrical tubes [104] (Fig. 1.6). Both types possess outstanding 
mechanical strength (tensile strength of 63 GPa), electrical conductivity (up to 
107 S cm-1), thermal conductivity (up to 5,800 W m-1 K-1 for SWCNT and up to 
10,000 W m-1 K-1 for MWCNT), and high chemical stability [104-107].  
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Fig. 1.6 Chemical structure of single-walled (left) and multi-walled (right) carbon nanotubes 
(left). Adapted from Singh et al. [108].  
 
Both SWCNT and MWCNT have remarkable properties, but MWCNT 
were chosen for investigation in this research for several reasons. MWCNT are 
more cost effective than SWCNT for an industrially scalable process because 
they are easier to fabricate, making the cost of the final sensor affordable. 
Furthermore, although further investigation is required into the toxicity of CNT, 
MWCNT has been shown to have a lower toxicity than SWCNT because of the 
structure of MWCNT (smaller surface tension) [109-111], which results in fewer 
interactions and conformational changes of the cell proteins than SWCNT [112]. 
1.3.3 Ion-selective membrane coating  
Conventionally, ion sensing is often measured by potentiometric ion-selective 
electrodes (ISEs), which comprise of an inner filling solution between an ion-
selective membrane and an internal reference electrode (e.g. AgCl-coated Ag 
wire) [113].  ISEs measure the potential difference between the inner and 
analyte solutions, and thereby determine the activity (hence, concentration) of 
target ions in aqueous solution [113]. Although conventional ISEs have been 
highly successful commercially, they have some limitations. Firstly, these ISEs 
are normally fabricated from glass and other rigid materials that are prone to 
break and, therefore, hinder in vivo and ex vivo applications, such as the 
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curvilinear surface of the skin [113].  Secondly, they are sensitive to changes in 
the sample temperature and pressure, which could give inaccurate readings 
[113, 114]. Furthermore, the use of the internal solution makes miniaturisation 
difficult [113].  
Solid-state sensors overcome the limitations of conventional ISEs by 
eliminating the inner filling solution. Here, the junction between the sensing 
membrane and conductive electrode is in the solid-state, rather than liquid 
[113]. Solid-state pH sensors consist of a conductive substrate, a solid contact 
layer and a plasticised polyvinylchloride (PVC) membrane that contains a H+ 
ionophore, which reversibly binds to the H+ ion [94].  A variety of H+ ionophores 
have been tested, but simple trialkylamines and pyridine derivatives are suitable 
for most applications [115]. Tridodecylamine is commonly used, binding 
strongly to H+ ions in a monodentate fashion (i.e. binds to only one atom) (Fig. 
1.7(a)) [116].  
CPs are popular choices for the solid contact layer in solid-state ISEs 
[117-119]. This is because they are easily deposited onto the substrate (e.g. by 
drop casting, electropolymerisation), and exhibit both electronic and ionic 
conductivity, making them good ion-to-electron transducers (convert ion 
concentration into electronic signals) [114]. The CP-solid contacts convert 
charge carriers (M+) that are reversibly bound to an ionophore in the ISM from 
ions to electrons (Fig. 1.7(b)) via doping/undoping (oxidation/reduction) of the 
underlying CP. PEDOT:PSS, in particular, is considered one of the most 
promising materials because the ion diffusion level of PEDOT:PSS is ca. three 
orders higher than other conjugated polymers due to its high redox capacitance 
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[120]. Recently, PEDOT:PSS has been used successfully in Cu2+-ISEs and pH-
ISEs [94, 121].  
 
(a) (b) 
 
 
(c) 
 
Fig. 1.7 (a) Structure of tridodecylamine. (b) Schematic representation of interfaces within a 
solid-state based ISE and (c) on a high-surface-area solid contact exhibiting double layer 
capacitance, with cation-(M+)-selective membrane, electrically neutral ionophores (L) and a 
doped (A-R-) solid contact (SC) [114].  
 
In addition to PEDOT:PSS, CNT hold great promise for use as solid-
contact ion-to-electron transducers in wearable ISEs. CNT have a high double 
layer capacitance; the ISM side carries charge in the form of ions, while the 
opposite side is where the electrical charge is formed in the solid contact (i.e. e- 
and h+) (Fig. 1.7(c)) [114].  This is due to their large surface area to volume ratio, 
which increases the interfacial contact area between the ISM and the solid 
contact [122]. In addition to SWCNT [123], MWCNT can also be an effective 
ion-to-electron transducer, as demonstrated by Crespo et al., who used 
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MWCNT as the layer between the ISM and the glassy carbon rod in a solid-
contact pH electrode [124]. Furthermore, CNT have been incorporated into solid 
contact and ISM layers to improve stability [122, 125, 126]; for example a 
carbon material based (carbon black/graphene) solid contact layer showed a 
drifting of potential over time of less than 1 µV/h [127]. Surprisingly, there is only 
one wearable pH sensor that has been developed using ISMs. This was the 
wearable pH sensor developed by Guinovart et al. [123]. This sensor was 
composed of a flexible SWCNT-coated cotton yarn coated with an ISM for 
development of a wearable pH sensor [123].  
As described above, PEDOT:PSS and MWCNT separately have shown 
great promise for ion-to-electron transducers. An area of interest for this present 
research is the application of PEDOT:PSS and MWCNT in combination for the 
development of ISEs. This would be with the aim of establishing if the resulting 
ISE is a more successful pH sensing layer than PANi, and if PEDOT:PSS and 
MWCNT are effective together or only separately in pH-ISEs (as demonstrated 
in previous studies [94, 124]).  
1.4 Fabrication of Fibre Electrodes 
1.4.1 Wet-spun fibres  
Two areas of interest in e-textiles are CP fibres and coated cotton because of 
their ability to be easily woven or knitted into a fabric, which allows the 
development of sensors that are comfortable to wear with a “wear-and-forget” 
paradigm [88].  
For several reasons, the most exciting materials are fibres intrinsically 
made of CPs. These CP fibres are intrinsically flexible, and able to deform under 
external force with a typical Young’s Modulus of several MPa (this low Young’s 
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Modulus indicates high flexibility) [88]. Additionally, the chemical, mechanical 
and electronic properties can be fine-tuned to fulfil specific requirements by 
simply tailoring the starting material of the fibres, such as through doping [128].  
The principal technique to form CP fibres is spinning. The main 
techniques for processing polymer fibres include wet spinning, dry spinning, 
melt spinning and electrospinning [129]. Spinning involves extrusion of the 
polymer through a spinneret into moving gas or liquid. The irreversible 
solidification into a fibre-form is brought about by the removal of heat and/or 
solvent, such as a stream of hot air evaporating the solvent in dry spinning [130], 
or a coagulation bath of acetone for PANi fibres in wet-spinning [131]. Wet 
spinning was selected for use in the research presented in this thesis, for the 
reasons discussed below. 
Wet spinning is a simple, low cost process that can be easily scaled up in 
industry [102]. The desired polymer to make up the fibre, such as PEDOT:PSS, 
is dissolved in a suitable solvent and extruded through a spinneret into a 
coagulation bath, which induces the solidification of the fibre (Fig. 1.8(a)) [132]. 
Usually, solidification occurs through a change in solubility of the polymer, 
specifically by using a liquid in the coagulation bath that is miscible with the 
spinning solvent and yet is a non-solvent of the polymer [133]. This results in a 
coagulating filament that finally solidifies to form a continuous fibre (Fig. 1.8(b)) 
[134]. These continuous filaments are post-treated (i.e. dried, washed, 
stretched) and then wound up using a roller [134].  
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(a) (b) 
 
 
Fig. 1.8 (a) Photo of wet-spinning of PEDOT:PSS fibres in 1:1 propan-2-ol: acetone mixture. (b) 
Schematic of wet-spinning process for polymeric fibre production. Adapted from Sun et al. [135]. 
 
PEDOT:PSS was chosen for investigation in this present study because 
it has been shown to be processable by wet-spinning into fibres with high 
electrical conductivity [136]. Other fibres, such as polypyrrole, PANi and 
polythiophene fibres, have been extensively researched and shown to have 
limitations [137]. For example, polypyrrole is rigid, brittle and insoluble, and 
PANi and polythiophene are hard to process [137]. Whilst Okuzaki et al. 
produced PEDOT:PSS fibres via wet-spinning [138], surprisingly, only a handful 
of studies exist that have described wet-spun PEDOT:PSS fibres in sensors 
[139, 140]. Even so, these were for strain, not chemical (analyte) monitoring. 
This opens the opportunity for novel research into wearable sensor applications, 
such as pH sensing. Previously, PANi has been electrodeposited onto 
PEDOT:PSS, where researchers used screen-printed PEDOT:PSS as a 
substrate [85, 86]. Vacca et al. obtained a Nernstian response of 59 mV pH-1 
from pH 2.0 to 14.0 [85], whereas Fanzio et al. only achieved a linear response 
over a more limited pH range 5.0 to 7.0 (the slope not reported) [86]. The 
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research presented in Chapter 3 will explore pH sensors using PANi-coated 
PEDOT:PSS wet-spun fibres.  
 
1.4.2 Conductive cotton  
In addition to CP fibres, conductive cotton yarns are of interest. Cotton is a 
natural fibrous material, widely used in everyday clothes due to its durability, 
inexpensiveness, and soft and flexible properties [141]. Thus, cotton is an ideal 
substrate for emerging wearable e-textile sensors. In order to make the cotton 
conductive, it is coated with conductive materials. These materials can be 
deposited onto cotton yarns using a variety of methods including dip-coating, 
drop casting, inkjet printing, electroless deposition, and chemical vapour 
deposition [142-144]. Using these techniques, a variety of conductive materials 
have previously been coated onto cotton for wearable applications, such as 
CPs, carbon nanomaterials, metallic nanoparticles and nanowires [142].  
CNT-coated cotton is highly conductive, flexible and biologically 
compatible [142].  However, depending on the number of dips required, coating 
can be a slow process [142].  Several studies have subsequently used CNT-
coated cotton for energy storage textiles, ammonia sensors and biomonitoring 
(i.e. monitoring human exposure to environmental pollutants) [145-147]. 
Studies involving CNT-coated cotton have used dyeing, dip-coating and paint-
brushing methods involving a CNT dispersion using sodium dodecylbenzene 
sulfonate (SDBS) as an ionic surfactant [145-147]. Of the three methods used, 
the dip-coating was particularly successful. This involves dipping the yarns in 
the conductive dispersion, drying them and then re-dipping to the desired 
number of dip cycles. Its success is due to its ease, simplicity (no need for skilled 
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professionals), and ability to produce long lengths of conductive cotton yarns 
[142]. Additionally, dip-coating processes can be readily performed using 
commercial equipment, such as those manufactured by SDI Company, Ltd. and 
DipTech Systems® [148, 149].  
Three previous studies have coated CNT onto cotton. Liu et al. achieved a 
resistance of 20 Ω cm-1 with SWCNT-dipped cotton fibres [150]. The resulting 
cotton functioned well as an electrode and allowed electrodeposition of 
manganese oxide and polypyrrole for energy storage applications [150]. 
However, the number of dips required to reach this low resistance is not stated. 
Guinovart et al. also described the coating of cotton yarns with SWCNT, 
reporting the resistance as 500 Ω cm-1 [123]. In addition to these, Shim et al. 
achieved a resistivity of 118 Ω cm-1 for MWCNT−Nafion coated yarns after 10 
deposition cycles [146]. Nevertheless, both these studies (Guinovart et al. and 
Shim et al. [123, 146]) obtained CNT-cotton yarns that were too high in 
resistance for successful electrodeposition (greater than 80 Ω cm-1). 
PEDOT:PSS has extraordinary conductive and environmental stability 
(section 1.3.1.2). Two previous studies have coated PEDOT:PSS onto cotton 
material by soaking/drop casting with the inclusion of solvents to dope/remove 
the insulating PSS [151, 152]. Sankar et al. soaked cotton yarns in a dimethyl 
sulfoxide (DMSO) solution containing PEDOT:PSS (8 wt.%) for various soaking 
times (up to 15 h), followed by ethylene glycol (EG) washes and drying [151]. 
Alamer et al. used a similar solution (5 wt.% PEDOT:PSS in DMSO) but used 
repeated drop casting onto a cotton sheet [152]. These studies obtained a 
resistance of 77 Ω cm-1 and 4 Ω cm-1 for Sankar et al. and Alamer et al., 
respectively. However, the mechanical strengths of the resulting cottons is not 
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reported, and from previous studies it is reported that PEDOT:PSS alone is 
weak when stress is applied. For example, Okuzaki et al. presented tensile 
strength values of 17 ± 5 MPa for PEDOT:PSS microfibers (10 µm diameter) 
and 57 MPa for PEDOT:PSS cast films [138, 153]. These previous publications 
suggest that although the resulting PEDOT:PSS-cottons of Sankar et al. and 
Alamer et al. were conductive, they had a low mechanical strength; an essential 
requirement for wearable sensors. Additionally, neither of these have yet been 
applied in wearable sensors, opening the opportunity for investigation into 
improved PEDOT:PSS-cotton for wearable analysis.  
A further area of interest is the combination of PEDOT:PSS and carbon 
nanomaterials, combining the properties of both. This has not yet been tested 
with cotton materials, but a similar combination was studied by Jalili et al. for 
wet-spinning fibres [89].  In this study, a dispersion of PEDOT:PSS and 
polyethylene glycol (PEG) functionalised SWCNT was wet-spun to produce 
fibres with enhanced mechanical properties (22.8 GPa and 254 MPa in Young’s 
Modulus and ultimate stress, respectively) and electrical conductivity (~400 S 
cm-1) [89]. Additionally, Zhao et al. developed flexible power sources by forming 
a film from a combination of cellulose, PEDOT:PSS and MWCNT, which 
demonstrated a moderate mechanical strength (3.51 GPa and 95.8 MPa in 
Young’s Modulus and ultimate stress, respectively) and low resistance (0.45 Ω) 
[154]. This dispersion has not yet been translated into a fibre form. Coating a 
similar dispersion onto cotton could improve the flexibility and mechanical 
strengths further. Additionally, only a limited number of studies have researched 
the use of cotton substrates in sensors. PEDOT:PSS-cottons have been 
researched for stress-strain monitoring [107] and acetone vapour detection 
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[141], while CNT-modified cottons have been developed for pH, K+ and NH4+ 
sensing [123], and for on-site optical-based immunoassays [155, 156]. These 
previous studies (into CNT and PEDOT:PSS-coated cottons) have shown 
success in combining the desirable properties of both, but require improvement 
and future research into enhancing the tensile strength and flexibility, and their 
use as a solid contact for signal transduction in sensors. Thus, a focus of this 
thesis will be the development of conductive cotton substrates targeted for use 
in wearable pH sensors.   
1.5 Project Aims and Objectives  
This study investigates a new approach to detecting pH via a fibre-based 
wearable sensor to aid wound and skin disease management. The research 
focuses on the development of two types of wearable e-textile pH sensors: a 
wet-spun fibre-based sensor and a conductive cotton-based sensor.  
 
Development of a wet-spun PEDOT:PSS fibre-based pH sensor (Chapter 3) 
• Investigate and optimise the fabrication of a PANi based pH sensor 
containing wet-spun fibres 
• Develop a flexible reference electrode for wearable analysis 
• Establish the pH range, stability, antibacterial properties and temperature 
stability of the resulting dual fibre sensor. 
 
Development of conductive cottons (Chapter 4) 
• Develop conductive cottons involving MWCNT, PEDOT:PSS and a 
combination of both 
• Optimise fabrication for minimal electrical conductivity. 
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Development of conductive cotton fibre-based pH sensor (Chapter 5) 
• Incorporate pH-sensitivity, using PANi and ISM modifications 
• Establish the pH range, stability, antibacterial properties and temperature 
stability of a resulting wearable pH sensor (also involving a solid-state 
quasi-reference electrode). 
  
For the final device, the aim is to meet the following criteria: 
• The base substrate (wet-spun PEDOT:PSS fibre/conductive cotton) 
requires a low enough electrical resistance for use in electrodeposition of 
PANi (< 80 Ω cm-1 (normalised to fibre length) [157]).  
• For the wet-spun fibre, an ultimate tensile strength comparable to 
previously published wet-spun fibres is desirable: Okuzaki et al. achieved 
130 MPa with wet-spun PEDOT:PSS microfibres [138].  
• For the conductive cotton yarn, an ultimate tensile strength comparable 
to a bare cotton yarn is desirable (200-250 MPa). This is because cotton 
is widely used in everyday clothes due to its durability and flexible 
properties [141].  
• A low Young’s Modulus is required to provide flexibility to conform to the 
skin’s curvilinear surface. This is difficult to quantify due to the absence 
of Young’s Moduli being measured in literature for similar fibre-based 
devices. However, in terms of flexibility, a Young’s Modulus below 3 GPa 
is desirable [158].   
• A minimum operating lifetime of at least 7 days and storage lifetime of at 
least 30 days is required to provide a sensor with a reliable response over 
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time and that will not need to be changed, as bandage changing would 
potentially hinder wound healing.  
• Antibacterial properties (to discourage bacterial growth in the wound/skin) 
• Biocompatible properties (to cause no harm to the wearer) 
 
In the next chapter, the experimental conditions and methods will be outlined.   
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2. Experimental Section 
2.1 Materials  
Aqueous PEDOT:PSS dispersion (Clevios PH 1000, 1 wt.%) was procured from 
Heraeus (Germany). The following analytical grade chemicals were purchased 
from Sigma Aldrich (UK) and used as received: acetic acid, ammonium chloride, 
aniline ( 99.5% purity, distilled before use), bis(2-ethylhexyl) sebacate (DOS), 
boric acid, calcium carbonate, dimethyl sulfoxide (DMSO), ethylene glycol (EG), 
glucose, hydrochloric acid, magnesium chloride, nitric acid, phosphoric acid, 
polyvinyl butyral (PVB), poly(vinyl chloride) (PVC), potassium nitrate, potassium 
tetrakis(4-chlorophenyl)borate (KTFClPB), pyruvic acid, sodium chloride, 
sodium hydroxide, sodium nitrate, sulfuric acid, tridodecylamine, and urea. The 
Escherichia coli (E. coli) in Luria Bertani nutrient broth (Miller) was a lab strain 
(MG1655 strain). Cultured immortalised human keratinocyte (HaCaT) cells 
(product code: 300493) were purchased from CLS Cell Lines Service 
(Germany). Human plasma (PR100) was purchased from TCS Biosciences 
(UK). AlamarBlue® reagent was purchased from ThermoFisher (UK). The gauze 
fabric (100% cotton) was purchased from a local pharmacy. The multi-walled 
carbon nanotubes (MWCNT) were purchased from Nanocyl (product code: 
3100, 95+% carbon). The carbon fibres (0.076 mm diameter) woven into a 
carbon yarn (product code: 39721) were purchased from Alfa Aesar (UK). 
Ag/AgCl paste (product code: C2130809D5) was obtained from Sun 
Chemicals® (Parsippany, NJ). An E. coli wild-type strain constitutively 
expressing yellow fluorescent protein (YFP) was used in the antibacterial 
experiments (Balaban et al. [159]). Artificial sweat matrix (containing 6.00 mM 
KCl, 0.08 mM MgCl2, 0.18 mM pyruvic acid, 0.17 mM glucose, 5.00 mM NH4Cl 
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and 10.00 mM urea) was prepared using the same method as reported by 
Parilla et al. [160].  
2.2 Fabrication of wet-spun PEDOT:PSS fibres  
The PEDOT:PSS fibres (75 µm and 25 µm diameter samples) were produced 
using the same wet-spinning method as reported by Reid et al. [4]. Briefly, 
PEDOT:PSS ink (2 wt.%) was prepared from an aqueous stock dispersion (1 
wt.%) via evaporation with stirring at 50°C. The PEDOT:PSS ink was injected 
via syringe (using either a 16 G or 28 G needle with inner diameters of 1.19 mm 
and 0.18 mm, respectively) into a rotating solution (10 rpm) of propan-2-ol and 
acetone (1:1 ratio) at either 0.75 or 0.05 mL h-1 for diameter 75 µm and 25 µm 
fibres, respectively (Fig. 1.6(b), section 1.3.1). 
The resulting wet-spun fibres were either untreated (no solvent treatment 
post wet-spinning) or treated with DMSO. For DMSO treatment, the fibres were 
immersed in neat DMSO for 5 min and then dried for 30 min at 140 °C. DMSO-
treated fibres with an average diameter of 25 µm were selected as the base 
substrate for the final fibre-based pH sensor development (section 3.3.2). 
2.3 Fabrication of conductive cotton yarns 
The cotton yarns were dip coated in the various dispersions by a simple “dipping 
and drying” method using three different dispersions. The dipping process used 
with each dispersion is detailed below. The different number of dip cycles 
required will be explained further in Chapter 4.  
Dispersion 1 The PEDOT:PSS ink (2 wt.%) was prepared from an 
aqueous stock dispersion (1 wt.%) via evaporation at 50°C to increase the 
concentration to 2 wt.%. The cotton yarns were submerged in the 2 wt.% ink for 
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1 min before being dried at room temperature for 30 min. This constitutes one 
dip cycle, and was performed up to 12 times. The resulting dip-coated 
PEDOT:PSS-cotton yarns were then treated in neat solvent, either: (1) DMSO, 
(2) EG, or (3) DMSO directly followed by EG. For solvent treatments (1) and (2), 
the yarns were immersed in the solvent for 2 h at room temperature. Then, the 
yarns were dried at 140 °C for 1 h. For solvent treatment (3), the PEDOT:PSS-
cotton yarns were treated for 2 h in DMSO, dried for 1 h at 140 °C, followed by 
the EG treatment for 2 h and finally were dried at 140 °C for 1 h. Treatment 
times of 2 h were adopted due to previous research investigation the solvent 
treatment of wet-spun PEDOT:PSS fibres (20-25 m), in which 5 min was the 
optimal treatment time (section 2.3) [4]. The coated cotton yarns are thicker 
(700-750 m) and to ensure optimal electrical properties, a longer treatment 
time was chosen to remove PSS.   
Dispersion 2 The MWCNT ink (0.3 wt.%) was prepared using an adapted 
method by Guinovart et al. and Hu et al. [123, 145]: MWCNT were added to an 
aqueous solution of 10 mg mL-1 sodium dodecylbenzenesulfonate (SDBS) to 
reach a concentration of 3 mg mL-1 MWCNT. This was followed by ultra-
sonication for 30 min (500 W, frequency of 20 kHz, 30% amplitude) using a tip 
sonicator (AutoTune Series probe sonicator, Sonics & Materials Inc. (USA)). 
The cotton yarns were submerged in the MWCNT dispersion (0.3 wt.%) for 20 
s, dried at room temperature for 15 min, washed with distilled water, and then 
dried again for 15 min. This constitutes a one dip cycle; dip cycles were repeated 
up to 70 times. 
Dispersion 3 A mixed PEDOT:PSS-MWCNT dispersion was prepared 
using the same method as reported by Yun et al.: A dispersion of 0.3 g MWCNT 
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in 10 mL distilled water was combined with 10 mL of aqueous PEDOT:PSS (1 
wt.%) dispersion and was ultra-sonicated for 30 min (500 W, frequency of 20 
kHz, 30% amplitude) [161]. This yielded a dispersion containing 0.5 wt.% 
PEDOT:PSS and 1.5 wt.% MWCNT ink (designated PEDOT-MWCNT from here 
on). The cotton yarns were submerged in the PEDOT-MWCNT dispersion for 1 
min and were then dried at room temperature for 15 min. This constitutes a one 
dip cycle, and was performed up to 10 times. The PEDOT-MWCNT-cotton was 
selected for further development as the base substrate for the final cotton-based 
pH sensor development (section 5.3.1). 
2.4 Fabrication and testing of the pH indicator fibre electrodes 
Two methods of constructing pH indicator electrodes was used: first, 
electropolymerising polyaniline (PANi) onto the surface, and second, dip-
coating the fibre with a pH-sensitive ion-selective membrane (pH-ISM). 
2.4.1 Method 1 PANi modification 
PANi can be synthesised by electrochemical and chemical polymerisation. In 
electropolymerisation, protonated aniline is oxidised via the appliance of a 
current/potential by a potentiostat, whereas in chemical polymerisation, 
protonated aniline is oxidised using an oxidant, such as ammonium 
peroxydisulfate (Fig. 2.1) [162]. In this thesis, electrochemical deposition was 
used to coat fibre electrodes with PANi.  
Electropolymerisation is polymerisation in which free radicals are 
generated from the electrochemical activity of the electrode [163]. There are 
three types of electropolymerisation: potentiodynamic/cyclic voltammetry 
(cycling voltage; CV), galvanostatic (constant current) and potentiostatic 
(constant voltage). CV involves the cyclic regular sweep of the potential 
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between oxidation of the monomer and reduction of the polymerised conducting 
polymer [164]. This cycling continually changes the growing polymer film from 
its neutral state to its doped conducting state (Fig. 1.11, section 1.4.1) [164].  
Galvanostatic and potentiostatic polymerisation polymerise the conducting 
polymer at a constant rate (current and voltage, respectively) [164].  
 
 
Fig. 2.1 Mechanism for the polymerisation of aniline. Adaption from Gvozdenovíc et al. [165].  
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To construct pH indicator fibres, polyaniline (PANi) was coated onto the 
fibre electrodes using all three methods. Either the PEDOT:PSS wet-spun fibres 
or coated cotton yarns (1.0 cm length) were employed as the indicator electrode 
with a Ag/AgCl-reference electrode (3.0 M KCl internal solution, BASi, UK) and 
a platinum mesh counter electrode (geometric area = 1.0 cm2). Solutions of 0.10 
M aniline in 1.00 M HNO3, HCl and H2SO4 were investigated for the optimal pH 
sensing, resulting in HNO3 being selected for all subsequent polymerisation 
techniques (as used by Vacca et al. to successfully coat PANi onto PEDOT:PSS 
ink-jet printed onto a polyethylene naphthalate (PEN) substrate [85]).For 
polymerisation by CV, the potential was cycled from -0.2 to +1.0 V vs. Ag/AgCl 
at 100 mV s-1 [166]. For galvanostatic polymerisation, a current density of 2.0 
mA cm-2 (using 0.047 cm2 as the ideal surface area of the 25 µm thick DMSO 
treated PEDOT:PSS fibres), as used by Yang et al. and Song et al. [167, 168]. 
Potentiostatic polymerisation was carried out at 0.8 V vs. Ag/AgCl [64, 169]. CV 
cycles were varied between 5 to 20 cycles, and deposition times for 
galvanostatic and potentiostatic deposition were varied from 3 to 10 min: optimal 
PANi coatings were selected as those that gave the closest to a Nernstian 
response (59.2 mV pH-1) (Eq. 1.3, section 1.2.4.2).  
2.4.2 Method 2 Ion-selective membrane coating 
The method of constructing the pH-sensor using a pH-ISM was performed using 
the same method as Guinovart et al. [123]. The pH-ISM contained 0.5 wt.% 
(10.0 mM kg-1) of KTFClPB, 1 wt.% (19.2 mM kg-1) of tridodecylamine as the H+ 
ionophore, 33.0 wt.% of PVC and 65.5 wt.% of DOS. A 5.0 cm portion of the 
PEDOT-MWCNT-cotton was threaded through a pipette tip, so 5.0 mm was 
exposed (Fig. 2.2(c)), while the rest was protected and could be accessed 
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through the back-end of the tip (Fig. 2.2(a)). The 5.0 mm of the exposed 
PEDOT-MWCNT-cotton yarn (Fig. 2.2(c)) was dipped in the pH-ISM using a 
dipping cycle, in which it was submerged for 20 s before being dried at room 
temperature for 15 min. This constitutes one dip cycle, which was repeated up 
to 18 times (the electronic resistance using more than 16 dips was too high for 
accurate pH measurements). Afterwards, the pH-ISM-coated fibres were 
immersed for 12 h in a mixture of 40.0 mM boric acid, 40.0 mM phosphoric acid, 
40.0 mM acetic acid (Britton-Robinson buffer), before being immersed for 15 
min in pH 4.0 Britton-Robinson buffer.  
 
 
Fig. 2.2 Details of construction of pH sensing electrode using the pH-ISM: (a) connection of yarn 
to the potentiostat, (b) shielding of the fibre via the pipette tip, and (c) pH-ISM coated PEDOT-
MWCNT-cotton fibre indicator electrode. Adaption from Guinovart et al. [123]. 
2.5 Fabrication of the wearable quasi-reference electrodes and 
dual solid-state testing  
To conduct the quasi-real-world pH analysis test with all solid-state electrodes, 
a wearable Ag/AgCl quasi-reference electrode was fabricated. Two methods of 
constructing an Ag/AgCl quasi-reference electrode were compared. For the first 
method, Ag/AgCl-ink was coated onto the substrate surface alone. For the 
second method, the substrate (already Ag/AgCl-coated) was then dip-coated 
with a reference ion-selective membrane (RF-ISM, details below). Gauze fabric 
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(100% cotton) and a bundle of carbon fibres (BCF) were both investigated as 
substrates. 
Method 1 A wearable Ag/AgCl quasi-reference gauze-based electrode 
was fabricated by applying 0.2 g Ag/AgCl paste to each side of a strip of gauze 
fabric (1 cm2 area) using a plastic pipette. The Ag/AgCl paste was first applied 
to one side of the gauze, cured at 80 °C for 20 min, then applied to the other 
side and cured in the same manner.  
A BCF-based quasi-reference electrode was fabricated using the same 
method as Parrilla et al. [160].  A bundle of carbon fibres (length of 3 cm and 
diameter of 1 mm) was dipped into the Ag/AgCl paste for 10 s. The Ag/AgCl-
BCF electrode was then cured at 80 °C for 20 min.  
Method 2 The RF-ISM contained 78 mg PVB and 50 mg NaCl in 1.0 
mL methanol. This membrane was sonicated for 30 min before use, as 
described by Parrilla et al. [160].  An 8.0 mm portion of the Ag/AgCl-BCF and 
the whole area of Ag/AgCl-gauze were submerged in the membrane for 20 s 
before being dried at room temperature for 10 min. This constituted one dip 
cycle, which was repeated up to 5 times. The RF-ISM-coated fibres were 
immersed for 12 h in 3.0 M KCl.  
For solid-state analysis, a two-electrode set-up was used with the potential 
of either the PANi-PEDOT:PSS wet-spun fibre electrodes or PANi-PEDOT-
MWCNT-cotton yarns electrodes were recorded against the fabricated Ag/AgCl 
quasi-reference electrode. The Ag/AgCl-gauze was selected as the quasi-
reference electrode for the final pH sensor tests (section 3.3.3). For analysis, a 
200 µL drop of pH buffer (pH 2.0 to 12.0) was placed between the two electrodes 
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(schematics later in Fig. 3.13 and Fig. 5.8). The drop was removed with 
absorbent tissue between measurements.   
 
2.6 Instrumentation 
2.6.1 Potentiostat 
An EDAQ potentiostat (EA163) and e-corder (401) were used for the PANi 
electropolymerisation and potentiometric (open circuit) measurements. A 
potentiostat is an instrument that maintains an electrochemical potential 
difference between the indicator electrode and the reference electrode. It inserts 
current at the counter electrode and converts the current at the working 
electrode into a potential by a transimpedance amplifier (i.e. current-to-voltage 
converter) with a high signal strength [170].  
PANi was coated onto fibre electrodes using potentiostatic polymerisation 
in a solution of aniline (0.1 M) in HNO3 (1.0 M). A three-electrode set-up was 
used: a Pt-mesh counter electrode (1 cm2), a Ag/AgCl-reference electrode (RE, 
3.0 M KCl internal solution, BASi, USA) and the wet-spun PEDOT:PSS 
fibre/coated cotton yarn fibre under test as the working electrode. A potential of 
0.80 V (vs. Ag/AgCl RE) was applied for either 180, 300 or 600 s duration. 
Potentiometry (open circuit potential) was used for pH analysis, and 
consisted of a two-electrode set-up with the potential of the coated cotton/wet-
spun fibre electrodes recorded against an Ag/AgCl double junction reference 
electrode (3.0 M NaCl internal and outer solutions, BASi, USA). This 3.0 M 
internal solution results in a very small liquid junction potential (~0.01 mV) [171, 
172]. A 1.0 cm length of wet-spun/coated cotton fibre was immersed in the 
appropriate pH buffer for all measurements. The potential difference is 
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measured and this depends on the activity of the ions present, as stated in the 
Nernst equation (Eq. 1.3; section 1.2.4.2) [173].  Britton-Robinson pH buffered 
solutions were made from a mixture of 40.0 mM boric acid, 40.0 mM phosphoric 
acid, 40.0 mM acetic acid and were adjusted to the desired pH (2.0 to 12.0; the 
maximum range of Britton-Robinson buffering system) with 200.0 mM sodium 
hydroxide [174].  
Interference studies were performed using the method reported by Nyein 
et al.: interference solutions of 1.0 mM NH4Cl, 1.0 mM MgCl2, 1.0 mM CaCO3, 
8.0 mM KNO3 and 20.0 mM NaNO3 were subsequently added to a Britton-
Robinson buffer solution of pH 4.0 [175]. With the addition of an interference 
solution, there was a 20 s waiting period after which the voltage was measured. 
At the end of the study, the solution was changed to a buffer solution of pH 5.0 
and the voltage was measured again (after 20 s).  
2.6.2 Scanning electron microscopy (SEM) 
Scanning electron microscopy (SEM) is useful for detailed study of a sample’s 
surface. In this research, the SEM micrographs were obtained using a JEOL 
USA JSM-7100F analytical field emission electron microscope. 
In this technique, a fine high-energy electron beam is produced by an 
electron gun at the top of the column and accelerated down through lenses and 
apertures in a vacuum (Fig. 2.3) [176, 177]. This beam scans across the sample 
surface and results in secondary and backscattered electrons being emitted, as 
well as characteristic X-rays (used for elemental analysis), visible light and heat 
among others [176, 177].  
Secondary and backscattered electrons are used for imaging the sample 
surface. Secondary electrons originate from/near the sample surface and occur 
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from inelastic interactions (i.e. loss of kinetic energy in the collision) between 
colliding electrons in the beam and an electron from the sample [176, 177]. If 
the energy transferred to the collided electron from the beam is high enough, 
the electron will exit the surface for detection, giving morphological and 
topographical information of the sample [176, 177].  
 
 
Fig. 2.3 Simplified schematic of a SEM [178].    
 
In contrast, backscattered electrons show contrasts in the composition of 
multiphase samples and occur due to elastic collisions (i.e. no loss of kinetic 
energy in the collision) of electrons (from the electron beam) with the atomic 
nucleus (from the sample) [179]. This changes the trajectory of the electrons 
yet does not cause a loss of kinetic energy from the electrons to the atomic 
nucleus, so the resulting backscattered electrons have a comparable energy to 
the electron beam [179]. The detected number of backscattered electrons is 
proportional to the atomic number of the specimen (i.e. the larger atoms cause 
stronger scattering of the electrons). This allows the distinction between atoms 
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with a difference in atomic number of at least 3, providing imaging that conveys 
information regarding the sample’s composition [179]. These electrons must be 
detected using a separate detector because the backscattered electrons have 
a higher energy (> 50 eV) and a definite direction [179].  The secondary electron 
detector is located at the side of the electron chamber, and the backscattered 
electron detector is located above the sample. The results are then viewed as 
a detailed image and spectra on the computer [179]. 
2.6.3 Raman spectroscopy  
Raman spectroscopy is a vibrational spectroscopic technique that is used to 
determine the chemical composition of samples by measuring the changes in 
polarisability of molecular bonds (i.e. the ease with which the electron cloud 
around a molecule can be distorted) [180]. Photons from a monochromatic laser 
beam interact with the molecules in the sample, causing molecular vibrations 
that change the polarisability and cause the photons to scatter [181].  
The resulting scattered light/photons are emitted in three different ways: 
Rayleigh, Stokes and Anti-Stokes (Fig. 2.4). Rayleigh scattering is the elastically 
scattered light and therefore does not give vibrational information. A molecule 
in the ground energy state (S0) (lowest, unexcited energy state) absorbs a 
photon with frequency v0 in an elastic collision and emits a photon at the same 
frequency (v0), and the molecule returns to the ground energy state [180]. 
However, if the collision of the photon with the molecules is inelastic, there is an 
energy exchange and the scattered light has a different frequency to the striking 
photons [182]. This is called Raman scattering and is either Stokes or Anti-
Stokes [182]. In Stokes scattering, a molecule at S0 gains energy from the 
striking photons, resulting in scattered light of lower frequency (v0 – vm) and a 
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molecule in a higher energy state [182]. In Anti-Stokes scattering, the striking 
photon gains energy from the molecule in a higher energy state, resulting in 
scattered light of a higher frequency (v0 + vm) and a molecule in a lower energy 
state [182]. Anti-Stokes is not considered in Raman spectra due to the small 
proportion of molecules in a higher energy state than S0 at room temperature: 
anti-Stokes signals are very weak (weaker than the already weak Raman 
signals) [180].  
 
 
Fig. 2.4 Energy transitions for Rayleigh and Raman scattering. Adaption from Renishaw [183].  
 
In this study, Raman spectroscopy was performed on an inVia confocal 
Raman microscope, manufactured by Renishaw. Single spectra acquisitions 
were performed at an excitation wavelength of laser 532 nm (200 mW total 
power) due to previous optimisations using similar materials [154, 184-186]. 
The following conditions were used: 1 s of sample photobleaching followed by 
1% laser power for 5 s for each of 16 acquisitions, which were then combined.  
V0 V0 V0 V0 V0 + Vm V0 - Vm 
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Raman mapping was also performed on a cross-section of PANi-PEDOT-
MWCNT-cotton fibres. Raman mapping is a method in which a detailed image 
of a sample is generated by acquiring a complete Raman spectrum at evenly 
spaced points on the sample [187]. These spectra are then processed into a 
colour image based on the composition [187]. In this study, an image of the 
distribution of components across a sample was generated by assigning a 
different colour to the intensity of a signature Raman peak for each component 
present in the fibres: 1162 cm-1 (PANi; C-H bending of the semiquinone radical 
cation segment) and 1446 cm-1 (PEDOT; Cα=Cβ stretching).  
Fluorescence emission is often more intense than Raman scattering and 
can hide the Raman features (see section 2.7 for more information on 
fluorescence emission). Sample photobleaching was used for the single spectra 
acquisitions to minimise fluorescence [188, 189]. However, one of the key 
limitations of sample photobleaching is sample damage and increased data 
acquisition time [188, 189]. To overcome the increased time taken, a more 
powerful 785 nm (300 mW total power) laser was used instead for the Raman 
mapping of the cross-section of the PANi-PEDOT-MWCNT-cotton [188, 189]. It 
was not adopted for the single acquisitions because Raman scattering 
intensity/strength is inversely proportional to the fourth order of the excitation 
wavelength [188, 189]. Consequently, the shorter excitation wavelengths (i.e. 
532 nm) yield stronger signals and are preferred for single measurements [188, 
189]. 
The following conditions were used for the Raman mapping: 1% laser 
power for 5 s and 1 acquisition per spectra. A step size of 6 µm by 6 µm (under 
sampling) was used (x-y direction) with 3,538 spectra collected across the 
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cross-sectional area. The cross-section of the PANi-coated PEDOT-MWCNT-
cotton were prepared by mounting the fibres in Epofix resin (Struers®, Canada) 
and polishing to a 1 µm diamond finish using a semi-automatic polishing system 
(MetPrep Saphir 520, UK), according to the manufacturer’s instructions.  
 
2.6.4 Confocal fluorescence microscopy  
Confocal fluorescence microscopy is a specialised form of fluorescence 
microscopy, which uses optical components to generate high resolution optical 
images [190]. This is accomplished by using the pinhole aperture (i.e. opening) 
in front of the detector (photomultiplier tube/camera) (Fig. 2.5) [190]. This results 
in emitted light in the out-of-focus plane, being mostly screened out by the 
pinhole aperture [190]. Whereas, light from the in-focus plane is imaged by the 
microscope as it freely passes through the pinhole [190]. This enables higher 
resolution images to be generated at variable depths in the sample by 
eliminating out-of-focus information. 
Fluorescence intensity measurements were used in this research to 
locate bacteria during the antibacterial tests, and were performed on an A1+ 
confocal Nikon microscope (Nikon A1M on Eclipse Ti-E).  
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Fig. 2.5 Confocal fluorescence microscopy. 
 
2.6.5 Tensile stress-strain testing 
Tensile stress-strain testing is a technique in which the elastic response of a 
sample is assessed under a load [191]. The instrument consists of two metal 
clamps onto which the sample is fixed. These clamps move apart, stretching the 
immobilised sample, and in doing so apply stress to the sample. The stress-
strain curve is recorded, which gives information regarding ultimate tensile 
strength, Young’s Modulus and breaking strain.  
A typical stress-strain curve has an initial linear region (Hookean region) 
(Fig. 2.6) [192, 193]. When a strain is applied to the fibre, the polymeric chains 
deform reversibly and elastically from their original positions [192, 193]. The 
Young’s Modulus is calculated from the slope of this region, which represents 
the stiffness/rigidity of the fibre (the steeper the slope, the stiffer the fibre) [192]. 
After this initial region, the stress-strain curve extends into a non-linear region 
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(plastic deformation region) [192]. Either the polymeric chains are strained 
beyond their elastic region and deform irreversibly by moving past each other 
or the crystalline components in the polymer deform until the fibre breaks at the 
ultimate tensile strength [192].   
In this thesis, DMA was performed using a TA Instruments Q800. Due to 
the small size of some of the fibres analysed, they were mounted either side of 
a paper window. This paper was clamped and either side of the paper was cut. 
This allowed only the analysis of the desired fibre/sensor.  
 
 
 
Fig. 2.6 Typical stress-strain curve [194].  
 
2.6.6 Resistance and mass measurements  
All electrical resistance analyses for the coated cotton yarns were performed 
using a Fluke 115 multi-meter across a fixed 1 cm distance of fibre. All mass 
readings were performed using an Ohaus Discovery DV215CD semi-
microbalance that weighs to five decimal places in grams. 
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2.7 Antibacterial testing 
A fluorophore is a component of a molecule that absorbs energy of a certain 
wavelength and re-emits the energy at a different wavelength [195]. The 
absorption of a photon by a fluorophore raises an electron from the lowest 
energy state (S0) to an excited state (e.g. S2) (Fig. 2.7(a)) [196]. This excited 
state is unstable, leading to a relaxation back to the ground level within a few 
nanoseconds and the emission of photons (fluorescence) [197]. The difference 
in energy is emitted via photons of a specific wavelength, which has less energy 
and thus, is longer than the absorbed wavelength [197].  
In 1961, a green fluorescent protein (GFP) was isolated from the jellyfish 
Aequorea victoria: aequorin [198]. YFP is a coloured mutant of GFP [198]. 
When excited at 514 nm (fluorescein (FITC) filter), YFP emits light at 527 nm, 
appearing green [198].  
E. coli is a Gram-negative, rod-shaped anaerobic bacterium (Fig. 2.7(b)) 
[199]. Most strains of E. coli are harmless and colonise the gastrointestinal tract 
of humans and animals [199]. However, some strains have mutated into 
pathogenic strains, releasing toxins and enzymes [200]. E. coli was chosen for 
this research because E. coli strains are commonly found in skin and wounds 
[17, 201], making these microorganisms of interest when developing wearable 
sensors. Additionally, the division time of E. coli is ca. 20 min (a colony of 107-
108 cells can grow in 12 h [202]), which is shorter than other microorganisms 
found in the skin and wounds (e.g. Beta-hemolytic Streptococcus (S. 
pyogenes); division time of 40 min [203]). Moreover, E. coli is less sensitive to 
environmental changes than other common microorganisms, ensuring that the 
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measured change in fluorescence intensity is a result of the antibacterial traits 
of the fibres rather than environmental variations [204].   
 
(a) (b) 
 
 
Fig. 2.7 (a) Jablonski diagram for fluorescence [197]. (b) E. coli cells expressing YFP [205]. 
 
In the antibacterial testing, E. coli bacterial cells were picked from a Luria 
Bertani agar plate, then grown in liquid culture with agitation at 300 rpm for 16 
h at 37 °C. The cells were then diluted to obtain a final cell density of 1.28 x 108 
cells mL-1. A 300 µL aliquot of the cell-containing media (pH 6.8-7.2) was added 
to 5.0 mm lengths of each of the wet-spun DMSO-treated PEDOT:PSS fibres 
(25 µm, both bare and PANi-coated), coated cotton yarns (both bare and PANi-
coated) and 0.05 cm2 areas (0.5 cm by 0.1 cm) of gauze (both bare and 
Ag/AgCl-coated) in a 96-well plate. The well plate was incubated and shaken at 
150 rpm at 37 °C for 4 h. After this period, each “biofouled” fibre/gauze was 
transferred to a clean well (containing no solution or bacilli). Images were taken 
on a Nikon confocal microscope using the FITC filter at 488 nm and using a 20x 
air objective lens with a numerical aperture (NA) of 0.8. The mean intensity of 
fluorescence was measured across a fixed area of 0.217 mm2. 
 71 
Statistical analysis was performed on three independent experiments with 
at least a triplicate (n=3) per experiment. Error bars represent standard 
deviation. A Welch’s t-test was performed using Graph Pad Prism® software 
with a p-value threshold 0.05 to evaluate whether there was a statistical 
difference between the experimental conditions. 
2.8  Cell viability  
Alamar blue is a quantitative cell viability indicator that contains the non-toxic 
and weakly fluorescent blue indicator, resazurin [206]. Resazurin is a redox 
indicator that permeates the cells and is reduced by the electron transport 
systems in the cell from deep blue resazurin to the pink, fluorescent resorufin 
[206]. This fluorescence can then be measured via absorbance at 570 nm (for 
oxidised forms) and 600 nm (for reduced forms as a reference). The cell viability 
was calculated using the dye molar extinction coefficients (ε) and Beer-Lambert 
law (Eq 1.2), providing a quantitative measurement of the cell viability [207]. 
The electron transport chain only takes place in viable cells; thus Alamar blue 
is an excellent redox indicator for cell proliferation and viability studies. 
Additionally, unlike other cell viability tests like MTT, Alamar blue does not 
interfere with the electron transport chain and is non-toxic. Both of these ensure 
any observed decrease in cell viability is not due to interference or cell death 
caused by the assay [208]. A reproducible, linear signal is obtained in cell 
numbers ranging from 50-50,000 (the range for this research) [206]. Above this 
range, the cells produce hydroresorufin (further reduced resorufin), which can 
distort results [206]. Additionally, during experimental analysis, a well with solely 
Alamar blue and without any fibre/gauze was tested to ensure no cross-
reactivity with the sample [206]. 
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The skin is composed of three cell types: keratinocytes, melanocytes and 
fibroblasts. Keratinocytes are 95% of the epidermal cells in the skin and play an 
important role in skin inflammatory responses and wound repair [209]. 
Therefore, human keratinocyte cell cultures are frequently used for cell viability 
studies [210, 211]. However, the cells rapidly die (without supplementary growth 
factors), preventing long-term studies [212, 213]. Thus, to minimise these 
problems, HaCaT cells were used in this research. HaCaT is a human 
keratinocyte cell line from adult skin that has been adapted to long-term growth 
without supplemented growth factors, and to form a well-structured epidermis 
after transplantation into a well [209]. This allows for the investigation of a layer 
of keratinocytes, as would appear in the epidermis, and how these would 
respond to samples in vivo (e.g. the components of the wearable sensor) [209]. 
To investigate the biocompatibility, an adaptation of the method 
developed by Garriga et al. was used [214]. 5.0 mm lengths of wet-spun 25 µm, 
DMSO-treated PEDOT:PSS fibres (both bare and PANi-coated), coated cotton 
yarns (both bare and PANi-coated) and 0.05 cm2 areas (0.5 cm by 0.1 cm) of 
gauze (both bare and Ag/AgCl-coated) were dipped in ethanol for 3 h, air-dried 
for 3 h and then sterilised for 10 min in a UV/ozone generator. The HaCaT cells 
were seeded at a density of 104 cells per well into a 96-well plate and allowed 
to adhere on the well surface for 24 h in a humidified atmosphere of 5% CO2 
and 20% O2 at 37 C. After this period, the sensors were then placed on top of 
the cells. The cell viability was assessed using the Alamar Blue® assay. The 
samples were incubated with the Alamar Blue® dye diluted in the cell culture 
medium according to the manufacturer’s instructions for 1.5 h at different culture 
durations: 1, 3 and 5 days post fibre/gauze administration on the cells. The 
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absorbance was measured with a spectrophotometer at 570 nm, using 600 nm 
as a reference wavelength. Finally, the cell viability was calculated using the 
dye molar extinction coefficients (Table 2.1) and appropriate absorbance 
equations provided by the manufacturer (Equation 2.1). 
Table 2.1 Molar extinction coefficients for oxidized (EOX) and reduced (ERED) AlamarBlue® 
(according to instructions provided by AlamarBlue® kit manufacturer).   
Wavelength / nm EOX ERED 
570 80586 155677 
600 117216 14652 
 
% 𝐴𝑙𝑎𝑚𝑎𝑟 𝐵𝑙𝑢𝑒 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 =
(𝐸𝑂𝑋 600𝐴570) − (𝐸𝑂𝑋 570𝐴600)
(𝐸 𝑅𝐸𝐷 570𝐶600) − (𝐸𝑅𝐸𝐷 600𝐶570)
 ×  100  
Eq. 2.1 Percentage reduction of AlamarBlue®, where EOX, ERED, A and C are the molar extinction 
coefficients of oxidized and reduced AlamarBlue®, absorbance and concentration at 600 nm and 
570 nm, respectively (according to instructions provided by AlamarBlue® kit manufacturer).   
 
Statistical analysis was performed on three independent experiments with 
at least a triplicate (n=3) per experiment. Error bars represent standard 
deviation. Analysis of variance (Two-way ANOVA) was performed using Graph 
Pad Prism® software with a p-value threshold 0.05 to evaluate whether there 
was a statistical difference between the experimental conditions.  
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3.  Development of a Wet-spun PEDOT:PSS Fibre-based 
pH Sensor 
 
3.1 Introduction  
The aim of the research presented in this chapter was to develop a wearable 
fibre-based flexible sensor to measure sweat/wound pH for skin/wound care 
applications (section 1.1.2).  
Fibre-based sensors were selected due to their excellent electrical and 
physical properties (section 1.4.1). Poly(3,4-ethylenedioxythiphene)-
poly(styrenesulfonate) (PEDOT:PSS), is the most stable, highly conducting 
polymer to date [215, 216], but only a handful of studies exist that have 
described wet-spun PEDOT:PSS fibres in sensing platforms, and those 
involved the measurement of strain (section 1.4.1) [139, 140]. Hence, wet-spun 
PEDOT:PSS fibres were chosen as the solid contact for signal transduction in 
chemical sensors, specifically pH measurements.  
The combination of PEDOT:PSS with other conducting polymers can 
yield beneficial properties [85]. Polyaniline (PANi) was the polymer chosen for 
study in wearable pH analysis because of its reported pH-sensitivity and 
biocompatibility (section 1.3.1.1) [217, 218]. The combination of PEDOT:PSS 
and PANi has only been reported on one occasion in a pH sensing device [88], 
which was screen-printed (section 1.3.1.1). Additionally, there appears to have 
been only two fibre-based pH sensors reported to date involving: PANi-
electrodeposited onto a carbon nanotube-(CNT)-wire and a pH-selective 
membrane coated onto SWCNT-cotton yarns (section 1.4) [64, 123].  
Wet-spun PEDOT:PSS fibres were optimised for pH sensing by use of a 
simple solvent treatment during the fabrication process followed by PANi 
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electropolymerisation onto fibres of varying diameters. For wearable analysis, a 
Ag/AgCl quasi-reference electrode was also fabricated. The resulting fibre and 
quasi-reference electrode were combined to create a dual solid-state system 
that was assessed in both pH-adjusted artificial sweat and human plasma 
matrices.  
3.2 Experimental Summary 
PEDOT:PSS fibres were wet-spun and solvent-treated in neat DMSO before 
being electrochemically coated with PANi. Optimised pH indicator fibre 
electrodes were analysed both in aqueous solutions vs. a Ag/AgCl double 
junction electrode, and in volumes ranging from 50 to 200 µL vs. a wearable 
quasi-reference electrode. The key experimental methods used 
(instrumentation, PANi coating processes, quasi-reference fabrication 
processes, cell viability and microbial testing) are detailed in Chapter 2.  
3.3 Conductive Wet-spun Fibres 
3.3.1 Conductivity  
A major challenge with using pure (unmodified) PEDOT is its insolubility in 
water. Therefore, PSS is used as a dopant to form a conductive yet water-
dispersible polymer (PEDOT:PSS) [99]. The addition, however, of the 
electrically insulating PSS reduces conductivity (cf. PEDOT alone). PEDOT can 
have conductivities above 1,500 S cm-1, whereas, water-soluble PEDOT:PSS 
is typically below 1 S cm-1  [100, 101]. Previous studies report that treatment of 
PEDOT:PSS (e.g. electrospun nanofibres and films) with solvents, such as 
DMSO, can increase the conductivity via removal of the insulating PSS and the 
re-ordering of the PEDOT chains  [219, 220].  
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For example, Reid produced two different fibres with diameters of 
approximately 25 and 75 µm that exhibited similar electrical conductivities 
(Table 3.1) [4]. After DMSO treatment, the conductivity of the 25 µm thick fibres 
increased approximately six-fold from 122 ± 18 S cm-1 to 802 ± 122 S cm-1 (n=3) 
whereas, the conductivity of the 75 µm thick fibres increased by a lesser degree 
[4]. As DMSO treatment removes the PSS from the surface of fibre [219] and 
the 25 µm thick fibres contain less PSS mass than the 75 µm thick fibres, 
removal of surface PSS by DMSO will have a greater net effect on the 
conductivity of the 25 µm thick fibres (greater surface area to volume ratio). The 
most conductive fibre produced (25 µm thick PEDOT:PSS fibre with DMSO 
treatment, 802 ± 122 S cm-1) was significantly more conductive than comparable 
wet-spun fibres (~400 S cm-1 achieved by wet-spun polyethylene glycol 
functionalised single walled carbon nanotubes (PEG-SWCNTs)-PEDOT:PSS 
fibres by Jalili et al. [89]). In this chapter, the PEDOT:PSS fibre concept 
developed by Reid was investigated for use as a substrate for wearable fibre-
based pH sensors.  
Table 3.1 Summary data (mean  st. dev.) of fibre diameter, electrical conductivity 
and surface to volume ratios of the PEDOT:PSS fibres (n=3) developed by Reid et al. [4].  
PEDOT:PSS fibre type 
Diameter / 
µm 
Conductivity / 
S cm-1 
Calculated surface area 
to volume ratio / mm-1 
75 µm (no solvent treatment) 75 ± 13 125 ± 11 54 
75 µm (DMSO post-treatment) 77 ± 7 323 ± 35 52 
25 µm (no solvent treatment) 21 ± 2 122 ± 18 182 
25 µm (DMSO post-treatment) 21 ± 2 802 ± 122 182 
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3.3.2 Characterisation  
Raman spectroscopy was performed on the wet-spun PEDOT:PSS fibres 
before and after DMSO solvent treatment (described in Table 3.1). PEDOT:PSS 
peaks were observed that were consistent with previously published spectra 
(Fig. 3.1) [221]. The peaks at 1257, 1367, 1507 and 1566 cm-1 correspond to 
Cα-Cα inter-ring stretching, Cβ-Cβ stretching, asymmetric Cα=Cβ stretching 
vibrations and aromatic chain vibrations, respectively (Table 3.2) [221-223].  
 
Table 3.2 Raman spectra assignments for wet-spun PEDOT:PSS fibres (n=3) before and 
after the DMSO solvent treatment. 
Raman shift / cm-1 Assignments 
75 µm 
(no solvent 
treatment) 
75 µm 
(DMSO 
post-
treatment) 
25 µm 
(no solvent 
treatment) 
25 µm 
(DMSO post-
treatment) 
 
1257 1257 1257 1257 Cα-Cα inter-ring stretching 
1367 1367 1367 1367 Cβ-Cβ stretching 
1436 1433 1435 1428 Cα=Cβ/Cα-Cβ stretching 
1507 1507 1507 1507 asymmetric Cα=Cβ stretching 
1566 1566 1566 1566 aromatic chain 
 
The spectra of the wet-spun PEDOT:PSS fibres showed notable changes 
post-DMSO treatment (Fig. 3.1). The peak observed at 1435 cm-1 in the 
untreated 25 µm fibres shifted to 1428 cm-1 following solvent treatment (the 
spectral resolution of the Raman spectrometer was < 1.0 cm-1); this peak is 
attributed to symmetric stretching of the five-membered thiophene ring, which 
can be present as either the benzoid (Cα=Cβ) or quinoid (Cα-Cβ) resonant 
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structure depending on the oxidation state and the level of doping (Fig. 3.2) 
[220, 222]. This shift was less prominent in the 75 µm fibres (1436 cm-1 
(untreated) to 1433 cm-1 following solvent treatment). When the polymer is 
solvent treated, there is a conformational change of the PEDOT chains from a 
coiled benzoid structure to a more linear structure. This enhances the mobility 
of the charge carriers in the PEDOT:PSS [224], explaining the observed 
increase in conductivity on DMSO treatment. A similar shift has been previously 
observed for reduced PSS dopant concentration in PEDOT:PSS [225], 
suggesting that DMSO reduces the PSS content leading to the observed 
decrease in resistance. 
 
Fig. 3.1 Raman spectra (normalised to 1430 cm-1 peak to aid visual comparison, 532 nm laser, 
200 mW total power) of the wet-spun PEDOT:PSS fibres before and after the DMSO solvent 
treatment. 
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Fig. 3.2 Chemical structure of PEDOT:PSS in benzoid and quinoid form.  
Scanning electron microscopy (SEM) was performed to determine the 
surface morphology of the fibres (Fig. 3.3). The surface of the 75 µm thick fibres 
was less ridged than the 25 µm thick fibres, which is consistent with the thinner 
fibres coagulating more quickly (smaller exposed surface area), resulting in the 
rougher surface observed. The surface of the untreated fibres was visibly 
smoother and less ridged than the DMSO-treated fibres (for both thicknesses) 
due to the removal of the electrically insulating PSS content on solvent 
treatment [220, 226, 227]. 
 
 
Fig. 3.3 SEM micrographs of PEDOT:PSS fibres along the fibre axis, both before and 
after treatment.   
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3.4 Development of pH Indicator Fibres via PANi Electrodeposition 
The pH sensing capability of the wet-spun PEDOT:PSS fibres was investigated 
by: 
• optimising the electropolymerisation of PANi on the different fibre 
diameters, 
• including or excluding solvent treatment,  
• varying the electrodeposition techniques.  
Although the 25 µm, DMSO-treated fibres achieved the highest conductivity, the 
pH sensing performance of both fibre diameters was explored to ensure the 
optimum fibre for a wearable pH sensor was identified. 
3.4.1 Optimisation of PANi deposition for pH sensing performance 
PANi was electrodeposited onto the 75 µm thick fibres fabricated without solvent 
treatment using three different acid solutions containing aniline (1.0 M): HNO3, 
H2SO4 and HCl. The PANi doped with NO3- demonstrated the best pH response 
(Fig. 3.4): -45 ± 4 mV pH-1 compared to -33 ± 6 mV pH-1 and -31 ± 1 mV pH-1, 
n=3, observed with fibres made using the HCl and H2SO4 solution of aniline, 
respectively. HNO3 was therefore selected for the further optimisation of the 
PANi coating. This matched the conditions adopted by Vacca et al. (0.1 M 
aniline in 1.0 M HNO3) who electropolymerised PANi onto an ink-jet printed 
PEDOT:PSS film [85].  
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Fig. 3.4 Potentiometric (open circuit) response in buffered solutions of varying pH levels of 
75 µm PEDOT:PSS wet-spun fibres (no solvent  post-treatment) coated with PANi via 
electropolymerisation of aniline solutions in various acids (1.0 M). Electrodeposition was via 
CV: -0.2 to +1.0 V vs. Ag/AgCl, 100 mV s-1, 10 cycles. 
Following PANi deposition via CV onto the four types of PEDOT:PSS 
fibres, described in Table 3.1, the pH sensitivity was assessed against a double-
junction Ag/AgCl electrode (Fig. 3.5). The 75 µm thick fibres gave the poorest 
pH sensitivity irrespective of solvent treatment: -45 ± 4 mV pH-1 (no treatment) 
and -46 ± 7 mV pH-1 (DMSO treated). The 25 µm thick fibres fabricated without 
solvent treatment showed an improved pH sensitivity of -49 ± 5 mV pH-1. As 
established by the conductivity values (section 3.3.1), the thicker fibres have a 
higher PSS to PEDOT ratio, which leads to more water being absorbed by the 
hydrophilic PSS, resulting in more swelling during pH analysis (389 ± 86% and 
111 ± 57% increase in the diameter for the thicker untreated and DMSO-treated 
fibres, respectively (Table 3.2)); this would affect the resistance of the electrode 
and thus, the potential and slope of voltage vs. pH [228]. Additionally, the 75 
µm thick fibres have a lower conductivity than the 25 µm thick fibres, possibly 
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resulting in a less effective PANi film and hence, poor pH sensitivity. The best 
pH response and lowest swelling was achieved by the thin fibre that underwent 
DMSO treatment, which gave a near Nernstian response of -56 ± 7 mV pH-1 
(n=3) (Fig. 3.5 and Table 3.3). This thin DMSO-treated fibre exhibited the 
highest conductivity (802 ± 122 S cm-1) as well as the optimal pH response when 
PANi coated; it was therefore down-selected for further optimisation of the PANi 
coating.  
Table 3.3 Mean percentage increase in diameter (% swelling) after immersion of the PANi-
coated fibres for 60 s in DI water at 25 °C. The errors represent the sample standard 
deviation of n=3 replicate samples. 
PANi-coated PEDOT:PSS fibre  Percentage increase (swelling) in diameter / % 
75 µm (no solvent treatment) 389 ± 86 
75 µm (DMSO post-treatment) 111 ± 57 
25 µm (no solvent treatment) 154 ± 90 
25 µm (DMSO post-treatment) 25 ± 16 
 
 
Fig. 3.5 Potentiometric (open circuit) response of the fibres listed in Table 3.1. Conditions as 
in Fig. 3.4.  
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PANi was electrodeposited onto the 25 µm DMSO-treated fibres by CV, 
potentiostatic and galvanostatic deposition to find the optimal method (Fig. 3.6). 
All fibres made by all three polymerisation methods achieved near Nernstian 
responses, however, the response with the highest linearity (R2 = 0.995) and 
most repeatable pH sensing over a pH range of 3.0 to 7.0 was achieved using 
the potentiostatic deposition (a broader pH range is demonstrated later in 
section 3.6.1): fibres made via potentiostatic deposition yielded a relative 
standard deviation (RSD) of 8.6% (compared to 22.7% and 10.4% for 
galvanostatic and CV-deposited fibres, respectively). Therefore, potentiostatic 
deposition was down-selected for further development of the wearable pH 
sensor. These electrode characteristics compare well to those of the previous 
screen-printed pH sensor developed by Vacca et al., which achieved 59 mV pH-
1 over pH range 2.0 to 14.0 (repeatability not reported) [85].  
 
 Fig. 3.6 Potentiometric (open circuit) response in buffered solutions of varying pH levels of 
25 µm thick, DMSO-treated wet-spun PEDOT:PSS fibres that were PANi-coated by CV 
(conditions stated in Fig. 3.4), potentiostatic (0.8 V vs. Ag/AgCl, 600 s), and galvanostatic (2 mA 
cm-2, 300 s) techniques. Error bars represent the standard deviation of n=3 replicate 
samples (in some cases may be masked by symbols). 
2 3 4 5 6 7 8
-1 0 0
0
1 0 0
2 0 0
3 0 0
4 0 0
5 0 0
pH
V
o
lt
a
g
e
 /
 m
V
 v
s
. 
A
g
/A
g
C
l
C V -P A N i
P o te n tio s ta tic -P A N i -58   5  m V  p H
-1
-56   7  m V  p H
-1
G a lva n o s ta tic -P A N i -57   1 3  m V  p H
-1
 84 
3.4.2 Scanning electron microscopy (SEM) of pH indicator fibres 
The morphology and chemical nature of the PANi-PEDOT:PSS fibres were 
investigated by SEM and Raman spectroscopy following the deposition of PANi 
via CV, potentiostatic and galvanostatic techniques.  The SEM micrographs all 
showed a PANi film covering each fibre electrode (Fig. 3.7). 
 
Fig. 3.7 SEM micrographs of select PEDOT:PSS fibres, that have been electrodeposited 
by PANi using CV, galvanostatic and potentiostatic techniques. Electrodeposition 
parameters discussed in previous Fig. captions.  
 
3.4.3 Raman characterisation of pH indicator fibres 
PANi is a linear polymer chain containing alternating benzenoid and quinoid ring 
repeat units (section 1.3.1.1) [229]. Between pH 3.0 and 4.0, emeraldine base 
is protonated to form the conductive emeraldine salt [230]; the quinoid diimine 
unit transforms into a bipolaron, leading to a polaron lattice that is composed of 
semiquinone radical cations (Fig. 3.8(a)) [229, 231].  
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(a)  
 
(b) 
 
Fig. 3.8 (a) Chemical structure of emeraldine base and emeraldine salt in the bipolaron 
and polaron forms. Colour highlights correspond to Raman shifts in spectra (b). (b) Raman 
spectra (normalised to 1595 cm-1 peak to aid visual comparison, 532 nm laser, 200 mW total 
power) of bare and PANi-electrodeposited PEDOT:PSS fibres (25 µm with DMSO 
treatment) at pH 3.5. Benzenoid diamine, quinoid diimine and semiquinone radical cation 
segments denoted by B, Q and SQR, respectively.  
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The Raman spectra of the PANi-PEDOT:PSS fibres (potentiostatic-
deposited) all exhibited the expected PANi bands situated at 1624, 1594, 1484, 
1335, 1221, 1190, 1163 cm-1, which have been assigned to C-C ring stretching 
(benzenoid diamine; emeraldine base/salt), C=C ring stretching (quinoid 
diimine; emeraldine base/salt), C=N and CH=CH stretching (quinoid diimine; 
emeraldine base), C-N+. stretching (semiquinone radical cation segment; 
emeraldine salt), C-N stretching (benzenoid diamine; emeraldine base/salt), C-
H bending of both the semiquinone radical cation segment (polaron; emeraldine 
salt) and quinoid diimine segment (bipolaron; emeraldine salt), respectively (Fig. 
3.8(b), Table 3.4) [232, 233]. Raman shifts corresponding to both emeraldine 
base and salt forms were present because the emeraldine base to emeraldine 
salt transition takes place between pH 3.0 and pH 4.0 [230] and the Raman 
spectra was obtained on fibres which had previously been in solution at pH 3.5.  
Table 3.4 Raman spectra assignments for PANi-PEDOT:PSS fibres.  
Raman shift / cm-1 Assignments 
1163 C-H bending (quinoid diimine segment; bipolaron) 
1190 C-H bending (semiquinone radical cation segment; polaron) 
1221-1222 C-N stretching (benzenoid diamine) 
1340 C-N+. stretching (semiquinone radical cation segment; polaron) 
1484-1486 C=N and CH=CH stretching (quinoid diimine) 
1593-1596 C=C ring stretching (quinoid diimine) 
1615-1624 C-C ring stretching (benzenoid diamine) 
 
There are subtle differences between the Raman spectra of the fibres 
made from the different electrochemical deposition techniques (Fig. 3.8(b)). The 
difference in maximum intensity between the peaks at ~1163 and 1190 cm-1 
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(assignments in Table 3.4) gives an indication of the global oxidation level of the 
emeraldine salt [234]. In the CV and potentiostatic deposited fibres, there is a 
greater intensity of the peak at ~1163 cm-1 (C-H bending in the bipolaron form) 
than at 1190 cm-1 (C-H bending in the polaron form), showing that the deposited 
PANi is present mainly in the bipolaron form. In contrast, in the galvanostatic 
deposited PANi, there is a greater intensity of the peak at 1190 cm-1 than the 
peak at ~1163 cm-1, indicating a higher proportion of polarons than bipolarons 
present. This is supported by the large peak at 1340 cm-1 attributed to C-N+. 
stretching in the polaron form [234]. Interestingly, this follows the pH sensing 
trend, in which a greater and more repeatable pH sensing capability was 
achieved by the PANi containing the higher proportion of bipolarons than 
polarons (potentiostatic and CV-deposited compared to galvanostatic-deposited 
PANi).  
3.4.4 Electrochemical behaviour of pH indicator fibres 
The electrochemical behaviour of the PANi-PEDOT:PSS fibres was also 
investigated. Correlating with the Raman spectral analysis, the electrochemical 
behaviour of the galvanostatic electrodeposited PANi fibres is significantly 
different from that of the CV and potentiostatic deposited PANi (Fig. 3.9(d)), 
where the expected PANi-based redox couples are only observed for the 
potentiostatic- and CV-deposited fibres. The first redox couple (anodic peak 
potential (Epa) at 0.36 V (potentiostatic) and 0.42 V (CV) vs. Ag/AgCl) 
corresponds to the redox interconversion between the leucoemeraldine base 
and emeraldine salt (Fig. 3.9(a)), while the high potential redox couple (Epa at 
0.86 V (potentiostatic) and 0.93 V (CV)) vs. Ag/AgCl) relates to the redox 
reaction between emeraldine salt and pernigraniline salt (Fig. 3.9(b)) [80, 235]. 
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The middle redox peak (Epa at 0.66 V (potentiostatic), 0.74 V (CV) and 0.63 
(galvanostatic) vs. Ag/AgCl) is normally attributed to benzoquinone caused by 
oxidative hydrolysis and degradation [236]. However, characteristic Raman 
peaks for benzoquinone are absent (1644 and 1651 cm-1 for C=C and C=O 
bands, respectively) [236]. Thus, the peak may be due to the dimer 
intermediate, p-aminodiphenylamine, which is found at ~0.70 V vs. Ag/AgCl and 
results from head-to-tail coupling (Fig. 3.9(c)) [237, 238]. It will contribute to the 
intensity of the bands attributed to C-C ring stretching (~1620 cm-1) and C-N 
stretching (~1220 cm-1) in the Raman spectra of the PANi-deposited fibres (Fig. 
3.8(b)). In contrast to the other deposition types, the galvanostatic-deposited 
PANi fibre has one broad, ill-defined middle peak centred at 0.63 V vs. Ag/AgCl 
(that may be obscuring the other conventional PANi redox peaks). 
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(a)    
(b)    
(c)    
(d) 
 
Fig. 3.9 Redox reactions responsible for the redox peaks (a), (b) [235] and (c) formation 
of p-aminodiphenylamine during polymerisation [238]. (d) CVs of PANi-coated wet-spun 
25 µm, DMSO-treated PEDOT:PSS fibres. Electrodeposition parameters discussed in 
previous Fig. captions. 
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3.5 Development of Wearable Quasi-reference Sensor  
A Ag/AgCl quasi-reference electrode was fabricated to enable the development 
of a wearable pH sensor containing the PANi-PEDOT:PSS fibre pH indicator 
electrode. A requirement of a quasi-reference electrode is to have a constant 
voltage regardless of variation in pH and the presence of other sweat/wound-
related interferences [171]. 
To date, two main approaches have been reported in the literature for the 
fabrication of quasi-reference electrodes. These were studied in order to identify 
an optimal quasi-reference electrode with the two substrates of interest (gauze 
fabric (GF) and a bundle of carbon fibres (BCF)) (Fig. 3.10). The first approach 
involved coating Ag/AgCl-ink onto the substrate surface, while the second 
involved dip-coating the Ag/AgCl-coated substrate with an additional reference 
ion-selective membrane (RF-ISM) (saturated with NaCl). The first approach is 
the most frequently used for easy and quick fabrication [239-241]. The second 
method was developed by Parrilla et al. who coated BCF in Ag/AgCl ink followed 
by coating with a RF-ISM in order to obtain a stable response [160].  
 
 
Fig. 3.10 Schematic of the fabrication of the quasi-reference electrodes using both 
substrates of interest.  
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The Ag/AgCl-GF example demonstrated the most repeatable response 
with a slope of -1.6  0.5 mV pH-1, compared to -5.1  1.1 mV pH-1, for the 
Ag/AgCl-BCF fibre (Fig. 3.11). Hence, Ag/AgCl-GF was selected for further 
analysis. The SEM micrographs are consistent with published images of cured 
Ag/AgCl surfaces [242, 243], suggesting that the Ag/AgCl coating is cured (Fig. 
3.12). The Ag/AgCl-coated substrates that were further dipped in the reference 
membrane (RF-ISM) displayed possible NaCl salt crystals and large pores. 
These observations correlate with the unstable responses observed: -4.6  3.3 
mV pH-1 and -11.6  0.1 mV pH-1 for the RF-ISM coated Ag/AgCl-BCF and 
Ag/AgCl-GF, respectively (Fig. 3.11). Porosity may accelerate the leaching of 
Cl- ions from the saturated NaCl membrane [244].  
Fig. 3.11 Potentiometric (open circuit) response in buffered solutions of the quasi-
reference electrodes made from a bundle of carbon fibre bundles (BCF) or a gauze fabric 
(GF) coated that have been coated with Ag/AgCl ink with/without an additional reference 
membrane (RF-ISM). Error bars represent the standard deviation of n=3 replicate 
samples. 
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Fig. 3.12 SEM micrographs of Ag/AgCl-coated carbon fibre bundles (BCF) and gauze 
fabric (GF) without/with an additional reference membrane (RF-ISM). 
3.6 Wearable pH Sensor 
The properties of the wearable pH sensor (combination of PANi-PEDOT:PSS 
fibres and fabricated quasi-reference electrodes, Fig. 3.13) are investigated in 
the following sub-sections. The following were studied: 
• the pH-sensing performance,  
• mechanical strength, 
• electrochemical response at different temperatures  
• stability on sensor lifetime 
• antibacterial and biocompatibility properties.  
 
10 m 10 m 
10 m 10 m 
Ag/AgCl-BCF Ag/AgCl-GF 
Ag/AgCl-BCF & RF-ISM Ag/AgCl-GF & RF-ISM 
 93 
 
Fig. 3.13 Schematic of the wearable pH wet-spun fibre-based sensor.  
3.6.1 pH sensing capability   
Following the optimisation of the PANi deposition onto the 25 µm, DMSO-
treated PEDOT:PSS fibre, its pH selectivity was assessed. Interfering ions 
(NH4+, Mg2+, Ca2+, K+ and Na+) at physiologically relevant concentrations were 
added sequentially to a buffered solution (pH 4) and the change in potential was 
measured (Fig. 3.14(a)) [175]. The largest interference-induced voltage change 
observed was -3 mV for the addition of the NH4+ ion, which was significantly 
smaller than -53 mV after the change to pH 5 (Fig. 3.14(a)), thus demonstrating 
pH selectivity. This shows that the fibre can sense pH effectively even in the 
presence of common sweat and wound-related interferences.  
In real-life analysis, the wearable pH sensor may be required to measure 
small volumes of sweat/wound fluid. Thus, the efficacy of the wearable sensor 
system was assessed using small drop sizes (50 - 200 µl) with the aim to 
determine the minimum volume with which the sensor could accurately monitor 
pH. The wearable pH sensor responded effectively to drop sizes as small as 
100 µl (Fig. 3.14(b)). A Nernstian response and similar linearity (R2 = 0.99) was 
obtained with 100 and 200 µl drop sizes (sub-Nernstian at 50 µl). However, an 
improvement in repeatability was observed with the increased volumes (10.1% 
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RSD and 8.9% RSD for 50 µl and 100 µl, respectively, compared to 2.3% RSD 
for 200 µl); this could be due to the increase in surface area of the sensors 
covered and also possible evaporation of the smaller droplet, changing the 
concentration during analysis.  
(a) 
 
(b) 
 
Fig. 3.14 pH sensing capability of wearable pH sensor (PANi-PEDOT:PSS wet-spun fibres 
vs. quasi-reference electrode): (a) interference study with sequential addition of various 
sweat-related interferences to the pH 4.0 aqueous samples (20.0 mL) followed by an increase to 
pH 5.0, (b) effect of analyte sample volume reductions (from 200 to 50 µL). 
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Response times ranged between 3.4 ± 1.7 min (n=3), showing the 
capability of the wearable pH sensor for real-time analysis. Further research 
needs to be conducted to determine the reason for the large range of response 
times. The repeatable Nernstian response when using a small volume (200 µL) 
over the physiologically critical pH range for skin and wounds (pH 4.0 to 9.0 [9, 
13]) demonstrates the potential of the use of PANi-PEDOT:PSS fibre electrodes 
in epidermal patches for wound/skin monitoring.    
The response of the wearable pH sensor, consisting of the PANi-
PEDOT:PSS fibres and the quasi-reference electrode, was evaluated from pH 
2.0 to 12.0. The responses below pH 3.0 and above pH 9.0 presented large 
inprecision and were outside the linear response range of the sensor (Fig. 3.15). 
A Nernstian response of -58 ± 1 mV pH-1 (n=3) was achieved over the pH range 
3.0 to 9.0 with a 200 µL drop of analyte solution placed in contact with both 
electrodes. Also a Nernstian response was obtained in both a pH-adjusted 
sweat matrix (containing common skin interferences, e.g. 6.0 mM KCl) and pH-
adjusted human plasma (containing common wound-related interferences, e.g. 
proteins) (Fig. 3.15). This is comparable (albeit with a narrower pH range) to a 
previously developed PANi-PEDOT:PSS screen-printed electrode, where a 
Nernstian response of 59 mV pH-1 was obtained from pH 2.0 to 14.0 [85].  
The response of the fabricated quasi-reference electrode was evaluated 
vs. a double junction electrode (DJE) (Fig. 3.15). Minimal potential changes 
were observed in pH-adjusted artificial sweat matrices (quasi-Ag/AgCl vs. 
Ag/AgCl DJE; Fig. 3.13) ranging from pH 2.0 to 12.0 (-2 ± 1 mV pH-1, n=3), 
suggesting that any response observed using the wearable pH sensor results 
from the pH indicator fibres.  
 96 
 
Fig. 3.15 Potentiometric (open circuit) responses of the wearable pH sensor in various 
analyte matrices. Skin and wound beds over pH ranges 4.0 to 7.0 and 4.0 to 9.0, respectively. 
Error bars represent the standard deviation of n=3 replicate samples (in some cases may 
be masked by symbols). 
 
3.6.2 Mechanical properties of the wearable pH sensor 
An essential requirement of a wearable sensor is to withstand any general wear-
and-tear it may be subjected to during daily use. For an initial assessment, the 
tensile properties of the PANi-PEDOT:PSS fibre sensor and Ag/AgCl-GF quasi-
reference electrode was evaluated using dynamic mechanical analysis (DMA) 
(Fig. 3.16). 
The Ag/AgCl-GF quasi-reference electrode achieved an ultimate tensile 
strength of 139 ± 11 MPa, compared to 141 ± 25 MPa for the bare GF (Table 
3.5). The Young’s Modulus of the bare unmodified GF significantly increased 
from 1.7 ± 0.7 GPa to 23 ± 5 GPa with the Ag/AgCl-coating. This shows how 
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the cured Ag/AgCl coating inhibits the stretching of the GF when strain is applied 
(Table 3.5).  
 
Fig. 3.16 Tensile stress-strain curves for select pH sensor components.  
 
The PANi-PEDOT:PSS fibres obtained a poor ultimate tensile strength of 
32 ± 11 MPa; approximately a quarter of that achieved in previous studies. For 
example, Okuzaki et al. achieved 130 MPa with wet-spun PEDOT:PSS 
microfibres [138]. Therefore, this did not meet the required mechanical strength 
of the final device (section 1.5). In the current study, the stress-strain curve 
shows the bare PEDOT:PSS fibre stretching under the applied stress before 
permanent deformation (Fig. 3.16). This elasticity is decreased upon coating 
with PANi, demonstrated by the increase in Young’s Modulus (stiffness) from 
605 ± 107 MPa (bare) to 2,015 ± 912 MPa (PANi-coated) (Table 3.5, Fig. 3.16).  
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Table 3.5 Mean ultimate tensile strength, breaking strain and Young’s Modulus values for 
the wearable pH sensor components. The errors represent the sample standard deviation 
of three repeat DMA measurements. 
Sensor Ultimate Tensile Strength / 
MPa 
Breaking Strain / 
% 
Young’s Modulus / 
GPa 
Bare PEDOT:PSS fibre 
(DMSO treated, 25 µm) 
33 ± 21 13 ± 2 
 
0.6 ± 0.1 
PANi-PEDOT:PSS fibre  32 ± 12 4 ± 2 2.0 ± 0.9 
Bare GF 141 ± 25 9 ± 5 1.7 ± 0.7 
Ag/AgCl-GF 139 ± 11 3 ± 1 23 ± 5 
 
3.6.3 Temperature stability and lifetime of the wearable pH sensor 
Between temperatures of 25 and 40 °C, a near-Nernstian response of the 
wearable pH sensor was obtained with non-significant variation (Fig. 3.17). An 
increase in slope with temperature is expected from the Nernst equation (-59.2 
mV pH-1 at 25 °C and -62.1 mV pH-1 at 40 °C [47]). Wound/skin temperatures 
range from 31 to 37 °C [46, 47] and thus, this demonstrates the ability of the 
wearable pH sensor to effectively monitor skin/wound beds while being worn on 
the body. 
 
An important consideration for wearable devices is lifetime. The pH 
sensitivity of the PANi-PEDOT:PSS fibres was analysed daily on the same 
fibres until the slope dropped below 50 mV pH-1 (ca. 15% loss of response), 
because below this value the slope would be non-Nernstian and therefore, could 
produce inaccurate results and would not be suitable for a wearable sensor 
[245].  
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Fig. 3.17 Potentiometric (open circuit) response of PANi-PEDOT:PSS fibres and quasi-
reference electrode in buffered solutions to varying pH levels in temperatures 25, 30 and 
40 °C. Error bars represent the standard deviation of n=3 replicate samples. 
 
A significant decrease in response after only 24 h was observed (-59 mV 
pH-1 to -40 mV pH-1, Fig. 3.18). This short lifetime was in agreement with 
previous publications, which have shown that PEDOT:PSS is unstable over a 
period of hours [246, 247]. This is because of the remaining hygroscopicity of 
PSS after the post-solvent treatment, which absorbs water from the moisture in 
the air (the PANi-coated 25 µm thick, DMSO-treated fibres were observed to 
swell by (25 ± 16) % after immersion for 1.0 min in DI water, Table 3.3) [247]. 
For example, Kawano et al. investigated the lifetime of PEDOT:PSS films and 
reported that the efficacy fell by 50% after only ~3 h in the presence of air (in 
both light and dark conditions) [247]. PANi has been reported to have a long 
lifetime [248], so it is possible that the PANi coating around the fibres has 
extended the lifetime of the PANi-PEDOT:PSS fibres and that without PANi the 
lifespan could have been shorter (as seen with Kawano et al. [247]). A lifetime 
was not reported by Vacca et al. for their PANi-PEDOT:PSS pH sensor [85].  
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Therefore, further investigation is required to confirm the cause of the poor 
lifetime and to determine the number of hours in which the fibre behaves as an 
effective pH indicator (post-fabrication).  
 
Fig. 3.18 Response of a typical PANi-PEDOT:PSS fibre in buffered solution to varying pH 
levels on consecutive days. Day 1 is the day the fibre was fabricated.  
In the current study, the PANi-PEDOT:PSS fibres deteriorated in the air 
and the longevity of the device could be improved by storing it in an air-tight 
container. However, in spite of the storage conditions, the pH indicator fibre 
electrodes currently can only be used as a single-use device. This is because 
the fibres would be exposed to an environment of water vapor whilst being on 
the skin/wound bed, resulting in a loss of the Nernstian response. Additionally, 
the poor tensile strength of the fibres results in breakages on wearing (as 
discussed earlier in section 3.6.2), thereby necessitating the replacement of the 
fibres before the hygroscopicity would cause inaccurate measurements.  
Methods to strengthen the fibres are investigated in Chapter 4. Future work 
could investigate the inclusion of additives to the PEDOT:PSS ink to decrease 
the hygroscopicity. For example, Bieβmann et al. successfully used Zonyl (a 
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commercially available fluorosurfactant) to reduce water uptake of the resulting 
PEDOT:PSS films [249]. 
 
3.6.4 Antibacterial properties of the wearable pH sensor 
Antibacterial properties are an important requirement for a wearable sensor. 
Increased microbial growth would hinder and discourage the healing of a 
wound. The antibacterial properties of the wearable pH sensor were evaluated 
by using wild type E. coli expressing yellow fluorescent protein (YFP) as a model 
system for the skin/wound surface [222].  A bacterial cell suspension was 
incubated with the sensors, after which the growth or attachment of the bacteria 
was evaluated by measuring fluorescence intensity (FITC, 488 nm), which gave 
a quantitative indication of the extent of the bacteria on the sensors.  
The bare PEDOT:PSS fibre (down-selected 25 µm, DMSO-treated) 
showed moderate antibacterial activity (intensity =  138 ± 47 a.u.; Fig. 3.19(a)), 
compared to the bare GF (intensity =  945 ± 101 a.u.) that is commonly used in 
wound bandages. This antibacterial activity of the fibres was increased further 
with the PANi-coating, which lowered the intensity to 74 ± 2 a.u. (Fig. 3.19(a)). 
PANi is known for its antibacterial activity due to the charged state of the N in 
the PANi backbone attacking the bacterial cell wall [250].  Indeed, PANi has 
been used as an antibacterial agent in textiles [250, 251].  
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(a) 
 
(b) 
 
Fig. 3.19 (a) Mean intensity of fluorescence (FITC, 488 nm) across a fixed area (0.217 mm2) 
of the sensor components biofouled with E. coli wild type strain expressing yellow 
fluorescent protein (YFP). GF is gauze fabric. Error bars represent the standard errors of 
n=3 independent experiments. (b) Fluorescent microscopy images (FITC, 488 nm) of wild 
type E. coli bacteria with yellow fluorescent protein (YFP) grown onto the sensor 
components. Each image is an example of one of three repeats. 
 
The Ag/AgCl-GF exhibited a notably lower fluorescence intensity (98 ± 27 
a.u.) than bare GF (941 ± 101 a.u.), demonstrating a high antibacterial activity. 
This was expected as recent evidence suggested that AgCl slowly releases Ag+ 
ions, which are antibacterial; these can maintain the required Ag+ ion 
concentration for the antibacterial property over time [252, 253]. Previously, this 
antibacterial effect was shown to accelerate wound healing [252, 253]. As a 
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result, AgCl was used as an antibacterial agent in wound dressings [254-256]. 
Additionally, the fluorescence images of the bare GF showed the bacterial cells 
growing within the fabric (Fig. 3.19(b)). However, the Ag/AgCl-coating has 
discouraged this growth or attachment of the bacteria, protecting the surface of 
the reference sensor from bacterial growth. These demonstrated antibacterial 
properties highlight the potential of both the PANi-PEDOT:PSS fibres and 
Ag/AgCl-GF in reducing the likelihood of an infection in wounds and skin.  
 
3.6.5 Cell viability studies of the wearable pH sensor 
The biocompatibility of the wearable pH sensor is of great importance for 
wearable applications to avoid harm or irritation to the wearer. Thus, a proof-of-
concept study was performed to investigate the biocompatibility of the fabricated 
sensors. Human skin cells were seeded on a 96-well plate and the sensors were 
plated on top. Cell viability was assessed on days 1, 3 and 5 post sensor 
administration to give an initial indication of cytotoxicity, using Alamar Blue® 
assay. The colour change as a result of cell metabolism was measured by 
absorbance spectroscopy (570 nm) and the cell viability was calculated from 
this. Wells without sensors were used as controls and were considered as 100% 
viable cells.  
The cell viability on the bare PEDOT:PSS fibres (25 µm, DMSO-treated) 
showed a statistically significant decrease (p < 0.05) of  29% after 24 h 
(compared to the control) (Fig. 3.20). However, the PANi-coated PEDOT:PSS 
fibres demonstrated no statistically significant change in cell viability at all times 
compared to the control. This is supported by previous publications that have 
shown PANi to be biocompatible, which appears to counteract the negative 
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effect of the bare PEDOT:PSS [217, 218]. Ag/AgCl-GF induced a toxic reaction 
in the cells, reducing the viability by 37% after 24 h (compared to the control) (p 
< 0.05). A possible explanation is the presence of methyl carbitol in the Ag/AgCl 
ink used to coat the GF since previous studies have shown that Ag/AgCl is not 
toxic [257-259]. Although future studies are needed to investigate the 
biocompatibility, this proof of concept study suggests that the use of PANi-
PEDOT:PSS in wearable pH sensors is promising. 
 
Fig. 3.20 Cell viability (measured absorbance, 570 nm) compared to control taken at three 
time points; 24, 72 and 120 h post sensor administration. Wells without sensors were 
used as controls and were considered 100% viable. Error bars represent the standard 
errors of n=3 independent experiments. 
3.7 Conclusions  
A proof-of-concept pH-sensing PANi-PEDOT:PSS fibre electrode was 
developed. A simple wet-spinning approach was used to produce PEDOT:PSS 
fibres, with a subsequent DMSO solvent treatment shown to enhance electrical 
conductivity. Polyaniline (PANi) was electropolymerised onto the fibres using 
varying electrochemical regimes (section 3.4.1). Formulation of an additional 
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wearable Ag/AgCl quasi-reference involved the curing of Ag/AgCl ink onto 
gauze fabric (analogous to wound dressings) (section 3.5). The pH indicator 
electrode (electropolymerised PANi on the PEDOT:PSS fibre) was evaluated in 
a solid-state configuration vs. the wearable quasi-reference electrode. The 
wearable pH sensor demonstrated a selective, Nernstian response in both a 
pH-adjusted sweat matrix (containing common skin interferences, e.g. 6.0 mM 
KCl) and pH-adjusted human plasma (containing common wound-related 
interferences, e.g. proteins) (section 3.6.1). Microbial and cell viability studies 
on the developed wearable pH sensor showed initial promising performance 
characteristics. Significant antibacterial properties were demonstrated while the 
PANi-PEDOT:PSS fibres showed high biocompatibility (section 3.6.4 and 
3.6.5).  
However, the down-selected, high performance PANi-PEDOT:PSS fibre 
deteriorated in the air (performance durability over time was < 24 h) possibly 
due to the high hygroscopicity of the PSS remaining post-solvent treatment 
(section 3.6.3). Future work would include investigating the longevity of the 
device by storing it in an air-tight container and including additives in the 
PEDOT:PSS ink (e.g. Zonyl [249]). Moreover, the tensile strength of the PANi-
PEDOT:PSS fibres were poor (32 ± 11 MPa) (section 3.6.2). Given the limitation 
of the poor tensile strength offsetting the electrochemical performance of PANi-
PEDOT:PSS in pH analysis, another substrate (cotton) will be explored in 
Chapter 4. 
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4.  Development of Conductive Cottons 
 
4.1  Introduction 
The previous chapter presented the development of a wearable pH sensor. It 
was derived from the successful combination of wet-spun poly(3,4-
ethylenedioxythiphene)-poly(styrenesulfonate) (PEDOT:PSS) fibres and the pH 
sensitive polymer, polyaniline (PANi). This showed PEDOT:PSS to be an 
effective substrate for pH analysis, once it had been treated with dimethyl 
sulfoxide (DMSO) and PANi-coated (section 3.4.1). One of the main limitations 
was the poor tensile strength of the wet-spun fibres, which, as a result, would 
cause fibre breakages in real-life wearable analysis (section 3.6.2). Given the 
limitation of the poor tensile strength offsetting the success of PANi-
PEDOT:PSS in pH analysis, another conductive substrate was required. The 
aim of the research in the current chapter was to develop an improved coated 
cotton alternative substrate for the wearable pH sensor.  
Cotton-based substrates are a popular alternative to wet-spun fibres due 
to their durability, inexpensiveness and soft and flexible properties (section 
1.3.2). Only a few studies have reported the use of a cotton substrate in sensors, 
and until now no reports have successfully used the combination of 
PEDOT:PSS and carbon nanotubes (CNT) in a pH sensing capacity (section 
1.4.2). Moreover, there are only two examples of conducting cotton thread with 
a low enough electrical resistance for use in electrodeposition (< 80 Ω cm-1 
(normalised to fibre length) [157]) and the necessary flexibility for wearable 
applications (section 1.4.2) [150, 151]. Research does not appear to have 
considered the coating of cotton with both PEDOT:PSS and CNT. However, 
Jalili et al.  wet-spun fibres using PEDOT:PSS and SWCNT, resulting in 
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enhanced mechanical properties and high conductivity  [89]. The dip-coating of 
a similar dispersion (PEDOT:PSS and MWCNT) onto cotton could result in a 
conductive substrate with higher durability (due to the strong cotton substrate) 
and higher biocompatibility compared to wet-spun fibres. 
In this chapter, three conductive cotton coatings were investigated that 
facilitated the deposition of PANi to allow for the wearable monitoring of pH 
(which is described in the next chapter, section 5.4). Cotton yarns were modified 
by using a simple “dipping and drying” process with the different conductive 
dispersions and the optimisation of key variables (number of dip-coating cycles 
and solvent treatments). By combining the flexibility of cotton yarns with the 
conductive properties of MWCNT and PEDOT:PSS, a highly conductive flexible 
cotton thread was fabricated. The optimisation of the resistance of the resulting 
cotton yarns will be reported before a critical analysis of the properties of the 
conductive cotton substrates will be presented. Finally, the chemical and 
surface structure will be characterised.   
4.2 Experimental Summary 
A comprehensive account of the entire fabrication process and characterisation 
was fully detailed in Chapter 2. To summarise, the cotton yarns were dip-coated 
in three aqueous conductive inks: PEDOT:PSS (dispersion 1; 2 wt.%), 
MWCNT (dispersion 2; 0.3 wt.%) and PEDOT:PSS-MWCNT (dispersion 3; 1 
wt.%). The resistance measurements, characterisation (mechanical analysis, 
scanning electron microscopy, Raman spectroscopy) and antibacterial 
properties of the resulting cotton fibres were then evaluated. 
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4.3 Development of Cotton-based Materials 
4.3.1 Dispersion 1: Conductive PEDOT:PSS coated cotton 
Conductive cotton, made by incorporating conductive polymers and 
nanomaterials into cotton yarns, offer an ideal substrate for emerging wearable 
e-textiles (section 1.4.2). In the following sub-sections, the resistance of cotton 
yarns dip-coated in three different dispersions will be explored.  
Previous studies have reported that treating PEDOT:PSS fibres with 
solvents, such as ethylene glycol (EG) and/or DMSO, can reduce their 
resistance [156, 260], due to the removal of electrically insulating PSS material 
from the PEDOT:PSS coating, and the re-ordering of the polymer chains 
(section 1.3.1) [100, 102]. For example, Sankar et al. soaked cotton fibres in a 
DMSO solution containing PEDOT:PSS (8 wt.%) for 15 h, followed by EG 
washes and drying to give a resistance of 77 Ω cm-1 (normalised to fibre length; 
less than 80 Ω cm-1 required for electrodeposition) [151, 157].  Alamer et al. 
used a similar solution (5 wt.% PEDOT:PSS in DMSO) and repeatedly drop cast 
this solution (20 coats) onto a cotton sheet to achieve a very low resistance of 
4 Ω cm-1 (at a PEDOT:PSS concentration of 21.7 wt.%) [152]. While these 
resistances are some of the lowest reported in the scientific literature, it is likely 
that such a high PEDOT concentration leads to brittle materials (the mechanical 
properties of these fibres was not reported).  
The method below presents a novel yet simple approach of coating cotton 
yarns with a PEDOT:PSS solution (dispersion 1). Resistance measurements 
showed a statistically significant reduction with each dip cycle (Fig. 4.1) with a 
corresponding average mass increase of 6.9 ± 1.2 (x 10-4) g dip-1. The lowest 
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resistance achieved without solvent post-treatment was 150 ± 34 Ω cm-1 after 
12 dip cycles.  
 
Fig. 4.1 Resistance measurements on cotton yarns (1 cm length) dip coated in aqueous 
PEDOT:PSS dispersions (2 wt.%) with no solvent post-treatment, and post-treatment in either 
ethylene glycol (EG), dimethyl sulfoxide (DMSO), and DMSO followed by EG in combination 
(DMSO-EG). Error bars represent the standard deviation of n=3 replicate samples. 
 
In this thesis, three solvent post-treatments were used: (1) EG, (2) DMSO, 
and (3) DMSO followed by EG in combination. These succeeded in reducing 
the resistance of the PEDOT:PSS-cotton; the EG-only treatment (1) led to lower 
resistances than the DMSO-only treatment (2), and the combined DMSO-EG 
treatment (3) gave the lowest resistances (Fig. 4.1). After 12 dip cycles, the 
effect of solvent treatment was less pronounced than for lower dip cycle 
numbers (Fig. 4.1). For example, for 12 dip cycles, the DMSO-only treatment 
(2) did not statistically significantly change the fibre resistance: 150 ± 34 Ω cm-
1 (untreated) and 144 ± 35 Ω cm-1 (DMSO-treated). However, the EG-only 
treatment (1) achieved resistance values of 105 ± 32 Ω cm-1. Comparatively, 
after 12 dip cycles the combined DMSO-EG treatment (3) lowered the 
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resistance of the coated cotton from 150 ± 34 Ω cm-1 (untreated) to 23 ± 10 Ω 
cm-1. The success of the treatments was verified by the statistically significant 
mass decrease in the PEDOT:PSS-cotton after DMSO-EG treatment (3) of 33.4 
± 6.9%, compared to 22.2 ± 1.2% and 14.4 ± 9.2% for the EG- and DMSO-only 
treatments (1 and 2), respectively (Table 4.1).  
 
Table 4.1 Mass averages (10-4 g) and mass changes (%) for the coated cotton yarns (1 cm length) 
and respective treatments discussed in this article. The errors represent the sample standard 
deviation of three replicate measurements (three different fibres). Mass measurements were 
conducted on a five-point analytical balance and mass changes were calculated using (change 
in mass/original mass)*100.  
Coated Cotton Yarn Mass / 10-4 g 
Mass decrease on solvent post-
treatments / % 
Bare cotton yarn 2.5 ± 0.2 - 
PEDOT:PSS (without solvent treatment) 26.2 ± 8.7 - 
PEDOT:PSS (with EG post-treatment) 18.5 ± 0.4 22.2 ± 1.2 
PEDOT:PSS (with DMSO post-treatment) 20.3 ± 2.7 14.4 ± 9.2 
PEDOT:PSS (with DMSO-EG post-treatment) 17.5 ± 1.6 33.4 ± 6.9 
MWCNT-cotton 8.2 ± 1.5 - 
PEDOT-MWCNT-cotton 3.9 ± 1.3 - 
 
The resistance of the 11 dip cycles with combined DMSO-EG treatment 
(21 ± 13 Ω cm-1) did not differ significantly from that of the 12 dip cycle-fibre (23 
± 10 Ω cm-1). Thus, as 11 dip cycles gave the best resistance values, this dip 
cycle was used for further analysis.   
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4.3.2 Dispersion 2: Conductive MWCNT-coated cotton  
Previously, Liu et al., Shim et al. and Guinovart et al. reported the coating of 
cotton yarns with CNTs [123, 146, 150]. Shim et al. in particular achieved 118 
Ω cm-1 for MWCNT−Nafion yarns after 10 deposition cycles [146]. In the current 
study, the cotton yarns were dipped in MWCNT ink (0.3 wt.%) with up to 70 
depositions. A higher wt.% was not attempted due to the impracticality of dipping 
to such a high number of depositions. 
The aim of this study was to achieve resistances of less than 80 Ω cm-1, 
which is essential for electrodeposition to allow coating [157]. The resistance 
values for the 20 dip cycles (239 ± 1 Ω cm-1) was statistically significantly higher 
than this value. Thus, it was clear that a greater number of dip cycles than 30 
was required. As a result, to save time, no resistance values were recorded 
between 21 and 30 dip cycles during the study. The resistance at 30 dips was 
159 ± 41 Ω cm-1; significantly greater than the desired resistance of less than 
80 Ω cm-1.  
The resistance decreased after every dip cycle up to 36 dips (101 ± 15 Ω 
cm-1), after which the resistance decrease slowed to ca. 5 Ω cm-1 dip-1 (Fig. 
4.2(a)), indicating that the percolation threshold had been reached [261]. After 
68 dips, the addition of more MWCNT to the coating did not significantly 
decrease the resistance further (ca. 1 Ω cm-1 reduction dip-1), suggesting that 
the percolation maximum was reached, at which point the further addition of 
MWCNT filler does not increase the ease of electron movement in the 
conductive network path (section 1.3.2.3) [261]. 
The lowest resistance achieved (55 ± 5 Ω cm-1) was after 70 depositions, 
which is low enough to facilitate electrodeposition (see polyaniline discussions 
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in section 5.3.1) but not practical in terms of material synthesis due to the very 
large number of depositions required. This represents a considerably lower 
resistance compared to those reported in previous studies involving MWCNT 
(and no additional HNO3 treatment was used post-coating, see below). For 
example, Bharath et al. dip coated MWCNT in sodium dodecyl sulfonate (SDS) 
dispersant (1.2 wt.%, 20 dips) and obtained a resistance of 2 kΩ cm-1 [262]. This 
is considerably larger than the current study, where 239 ± 1 Ω cm-1 was obtained 
at 20 dips and reduced with further depositions.  
 
(a) (b) 
  
Fig. 4.2 Resistance measurements (Ω cm-1) of cotton dip coated in: (a) MWCNT, and (b) PEDOT-
MWCNT dispersions. Error bars represent the standard deviation of n=3 replicate samples. 
 
4.3.3 Dispersion 3: Conductive PEDOT-MWCNT-coated cotton  
The cotton fibres coated only with the PEDOT:PSS (dispersion 1) had a poor 
tensile strength (section 4.4.1 below), which is an issue that needs to be 
overcome prior to use in wearable sensors due to the need to withstand general 
wear-and-tear. In contrast, MWCNT-modified cotton (dispersion 2) was flexible 
and strong, but required a very high number of dip cycles (70) in order to achieve 
a low enough resistance. For this reason, a mixed dispersion containing 
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PEDOT:PSS and MWCNT (dispersion 3; PEDOT-MWCNT) was used to coat 
the cotton yarns with the aim of combining the flexibility of MWCNT with the 
conductivity and lower number of dip cycles of PEDOT:PSS. 
Once coated with PEDOT-MWCNT, the coated cotton system exhibited 
impressive flexibility (section 4.4.1 below) and high conductivities. A resistance 
of 55 ± 28 Ω cm-1 was achieved after 10 dip cycles (Fig. 4.2(b)). This is 
compared to the MWCNT-only system yielding 55 ± 5 Ω cm-1 after 70 dip cycles.  
The purpose of this study was to achieve resistances of less than 80 Ω 
cm-1. Because this was achieved for the PEDOT-MWCNT-cotton after 10 dips, 
treatment steps to lower the resistance of the fibres further were not conducted, 
as the desired outcome had already been reached. Future work could focus on 
investigating whether treatment steps (DMSO and EG post-solvent treatments) 
could achieve a similar resistance with fewer dip cycles.  
4.4 Characterisation of Conductive Cottons 
4.4.1 Mechanical strength of conductive cottons 
Three cotton-based materials have been developed: PEDOT:PSS- (DMSO-EG) 
(dispersion 1), MWCNT- (dispersion 2) and PEDOT-MWCNT-cotton (dispersion 
3). In the following sub-sections, the properties of these conductive cotton yarns 
will be investigated, namely mechanical strength, antibacterial properties, 
chemical composition via Raman spectroscopy and finally, the surface 
morphology via SEM. 
Dynamic mechanical analysis (DMA) was performed on the coated 
cottons. Of all the conductive cotton threads, the MWCNT-modified cotton yarn 
(70 dips) achieved the highest ultimate tensile strength (219 ± 35 MPa, 13 ± 3% 
strain at break (n=3)) (Table 4.2), which was expected due to the well-
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established mechanical strength of MWCNT [223]. In comparison, the cotton 
yarns dipped in MWCNT-Nafion dispersion reported by Shim et al. achieved 
ultimate tensile strengths in the range of 42 – 88 MPa [146, 263]. The addition 
of MWCNT to the cotton enhanced its flexibility and statistically significantly 
decreased the Young’s Modulus from 1412 ± 882 MPa (bare cotton) to 419 ± 
160 MPa (MWCNT-cotton) (Table 4.2). This happened due to the MWCNT 
being absorbed into the cotton yarn (see later SEM micrographs (Fig. 4.8(g)). 
Namely, there are strong Van der Waals’ interactions between the cellulose of 
the cotton and the CNTs, and hydrogen bonding between the small number of 
functional groups (e.g. hydroxyl groups) on the surface of the MWCNT and 
hydroxyl groups of the cellulose molecules [142, 264].  
The PEDOT:PSS-cotton yarns are weaker and stiffer than the other 
coated cottons (tensile strength of 56 ± 15 MPa and Young’s Modulus of 511 ± 
115 MPa) (Table 4.2). The stress-strain curves of the PEDOT:PSS-cotton 
display close to a linear behaviour (Fig. 4.3), suggesting that the coated yarns 
are stiff and do not undergo plastic deformation before failure [265]. This 
behaviour correlated with the stress-strain curves of PEDOT:PSS-silk yarns 
observed by Ryan et al. [265]. Although the mechanical strength of 
PEDOT:PSS-modified cotton has not been reported to date, it is evident from 
previous studies that PEDOT:PSS alone is weak when stress is applied. 
Okuzaki et al. presented values of 17 ± 5 MPa for PEDOT:PSS microfibers (10 
µm diameter) and 57 MPa for PEDOT:PSS cast films [138, 153]. Additionally, 
in the current research, the PANi-coated wet-spun PEDOT:PSS fibres (section 
3.6.2), obtained ultimate tensile strength values of 32 ± 12 MPa. 
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Table 4.2 Mean ultimate tensile strength (MPa), breaking strain (%) and Young’s Modulus (MPa) 
values for the coated cotton yarns (from the DMA instrument). The errors represent the sample 
standard deviation of three replicate measurements.  
Coated Cotton Yarn 
Ultimate Tensile Strength / 
MPa 
Breaking Strain / 
% 
Young’s Modulus / 
MPa 
Bare cotton yarn 289 ± 38 8 ± 1 1412 ± 882 
MWCNT 219 ± 35 13 ± 3 419 ± 160 
PEDOT-MWCNT 130 ± 25 10 ± 2 511 ± 115 
PEDOT:PSS 
(with DMSO-EG post-
treatment) 
56 ± 15 6 ± 3 1079 ± 445 
 
 
Fig. 4.3  Tensile stress-strain curves of example coated cotton yarns.   
The mechanical strength of the PEDOT:PSS-cotton is enhanced by the 
addition of the MWCNT in the PEDOT-MWCNT-cotton. A statistically significant 
increase of 52% is observed in the tensile strength upon the addition of MWCNT 
to the PEDOT:PSS coating: from 56 ± 15 MPa to 130 ± 25 MPa for 
PEDOT:PSS-cotton and PEDOT-MWCNT-cotton, respectively (Fig. 4.3, Table 
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4.2). Additionally, there is no significant difference between the flexibility of the 
PEDOT-MWCNT- and MWCNT-cotton; 511 ± 115 MPa to 419 ± 160 MPa, 
respectively. This correlates with findings in previous publications and can be 
attributed in part to interactions between PEDOT:PSS and MWCNT in the 
coating [97, 266, 267]. The conjugated aromatic thiophene rings of the PEDOT 
backbone strongly interact via π-π stacking with the hybridised carbons on the 
surface of the MWCNTs (Fig. 4.4(a)) [267, 268]. This strongly anchors the 
PEDOT to the surface of the MWCNT, increasing the strength of the resulting 
PEDOT-MWCNT-cotton [267, 268]. However, the PSS present will be in the 
outer part of the PEDOT-MWCNT structure (nb. The PEDOT-MWCNT-cotton 
fibres were not subjected to solvent post-treatments), forming a gradient of 
crystallinity in the coating, as observed by Zhou et al. [267]. This resulting 
crystallinity causes earlier breakages at higher strains than observed in the 
MWCNT-cotton [139]. In a fully developed wearable device, the PEDOT-
MWCNT-cotton would be woven into another fabric, such as a dressing or a 
knitted mesh, so the ultimate tensile strength would be expected to improve. In 
spite of this, the strength of PEDOT-MWCNT-cotton is significantly greater than 
that of the previously developed wet-spun PEDOT:PSS fibres (33 ± 21 MPa) 
(section 3.6.2), providing an improved alternative conductive substrate for 
wearable applications. Additionally, the PEDOT-MWCNT-cotton still appeared 
flexible (Young’s modulus of 511 ± 115 MPa) and bendable, like the MWCNT-
cotton, and could be easily wound round a glass rod, which was not evidenced 
by the PEDOT:PSS-cotton that could only be wound once before snapping (Fig. 
4.4(b)).  
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(a) (b) 
 
 
 
Fig. 4.4 (a) π-π stacking between the surface of MWCNT and the PEDOT [185]. (b) Optical images 
of 4 cm lengths of (from left to right): MWCNT, PEDOT-MWCNT and PEDOT:PSS (DMSO+EG 
post-treated) coated cotton yarns wound around a glass rod.  
 
The existing strength of the PEDOT-MWCNT-cotton could be optimised 
in further research to produce even stronger fibres if necessary for the 
application. One method could be to apply solvent post-treatments to remove 
PSS and therefore crystallinity. Another method could be optimising the mass 
ratios of each component in the dispersions used for dipping. Moreover, 
although cotton was chosen because of its properties (inexpensive, durable and 
soft), a different substrate with a higher tensile strength could also be explored 
(e.g. the strong silk thread used by Tsukada et al. [269]). Silk thread was not 
originally chosen for experimentation in this study because it is a significantly 
more expensive substrate than cotton and the aim was to establish if cotton was 
a viable substrate for the sensor because of its inexpensive properties. The 
future aim of this research is to develop a cheap and mass-produced wearable 
pH sensor, and therefore this would not be possible with the expensive 
substrate of silk.  
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4.4.2 Antibacterial properties of conductive cottons 
It is important that materials used to monitor wound pH do not encourage 
bacterial growth within the wound, as it would be counter-productive to wound 
healing. The antibacterial properties of the coated cotton yarns were therefore 
evaluated by using a wild type E. coli expressing yellow fluorescent protein 
(YFP) as a model system [159]. A suspension of bacterial cells was incubated 
in Lysogeny broth (LB) for 4 hr with the coated cotton yarns after which the 
intensity of each yarn’s fluorescence (FITC, 488 nm) was measured. The mean 
fluorescence intensity was used as a quantified representation of the extent of 
bacterial growth on the coated cotton yarns (Fig. 4.6).  
 
Fig. 4.5  Mean intensity of fluorescence (FITC, 488 nm) across a fixed area (0.217 mm2) of coated 
cotton yarns biofouled with E. coli wild type strain expressing yellow fluorescent protein (YFP): 
the PEDOT:PSS coated yarn was post-treated with DMSO-EG before biofouling. Error bars 
represent the standard deviation of n=3 replicate samples. 
 
The fluorescence images of the bare untreated cotton yarns show that  
the bacterial cells were growing within the individual fibres of the yarn (Fig. 4.6). 
The PEDOT:PSS-cotton (DMSO and EG treated) showed moderate 
antibacterial activity (intensity = 259 ± 67 a.u.), compared to the bare cotton 
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yarn, which gave a benchmark intensity of 694 ± 93 a.u. (Fig. 4.5). This shows 
that the PEDOT:PSS surface coating on the cotton discouraged the growth or 
attachment of the bacteria. MWCNT-cotton exhibited a lower mean 
fluorescence intensity (161 ± 4 a.u.). This was expected as Kang et al. 
previously reported that MWCNTs are toxic to E. coli as they initiate the 
production of stress-related gene products [270]. This suggests that MWCNT-
cotton was directly killing the bacterial cells that had been in surface contact, 
although this remains to be confirmed.  
The lowest mean fluorescence intensity was achieved by the PEDOT-
MWCNT-cotton (64 ± 13 a.u.). This value is statistically significantly lower than 
the intensities of PEDOT:PSS- and MWCNT-cottons separately, indicating that 
the qualities of both coatings are being combined to create a coating that both 
inhibits bacterial adherence and initiates bacteriotoxic activity. This highlights 
the potential for application in wound dressings, as the PEDOT-MWCNT-cotton 
should inhibit the growth of bacteria on the sensor, reducing the likelihood of 
wound infection along with the potential to enhance sensor lifetime due to the 
prevention of dressing biofouling. 
 
 
Fig. 4.6  Fluorescent images (FITC, 488 nm) of coated cotton yarns biofouled E. coli wild type 
strain expressing yellow fluorescent protein (YFP). An image is an example of one of three 
replicates and the same exposure settings on the camera were used.  
 
b. a. c. d. 100 µm 100 µm 100 µm 100 µm 
Cotton (bare) MWCNT-cotton PEDOT:PSS- 
cotton 
PEDOT-MWCNT- 
cotton 
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4.4.3 Raman characterisation of conductive cottons 
Raman spectroscopy was performed to confirm the chemical composition of the 
coated cotton yarns: PEDOT:PSS- (DMSO-EG) (dispersion 1), MWCNT- 
(dispersion 2) and PEDOT-MWCNT-cotton (dispersion 3) 
The spectra of the PEDOT:PSS-cotton yarns showed notable changes 
after the different treatments (Table 4.3 and Fig. 4.7). The peaks between 1580 
and 1600 cm-1 (aromatic ring chain vibrations due to the PSS component) were 
less defined in the spectra of the solvent treated cottons compared to the 
untreated benchmark, suggesting that the PSS content has been reduced [222, 
223]. The peaks at 1259, 1367 and 1534 cm-1 are attributed to Cα-Cα inter-ring 
stretching, Cβ-Cβ stretching and asymmetric Cα=Cβ stretching vibrations, 
respectively (PEDOT component) (Table 4.3) [221, 225]. The large peak 
between 1400 and 1500 cm-1 is due to symmetric stretching of the five-
membered thiophene ring (PEDOT component) [221]. This ring can be present 
as either the benzoid (Cα=Cβ) or quinoid (Cα-Cβ) resonant structure depending 
on the doping level of the polymer [221]. If the polymer increases its conductivity 
then a red shift of this peak is expected due to an increase in the quinoid 
structure (Cα-Cβ) at a lower wavenumber [221]. This PEDOT-diagnostic peak 
shifts from 1436 cm-1 in the untreated fibres to 1425 cm-1 after solvent treatment, 
a shift that has been attributed to a conformational change of the PEDOT chains 
(from a coiled benzoid structure to a more linear quinoid structure), which leads 
to an enhancement in the mobility of the charge carriers in the PEDOT:PSS 
coating [224]. A similar shift was previously observed in the Raman spectra of 
the wet-spun PEDOT:PSS fibres post-treatment (section 3.3.2).  
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Table 4.3 Raman spectra assignments for PEDOT:PSS-coated cottons (n=3) after the 
different solvent post-treatments. 
Raman shift / cm-1 Assignments 
Untreated DMSO  EG DMSO-EG  
1259 1259 1259 1259 Cα-Cα inter-ring stretching 
1367 1367 1367 1367 Cβ-Cβ stretching 
1436 1425 1425 1425 Cα=Cβ/Cα-Cβ stretching 
1534 1537 1536 1533 asymmetric Cα=Cβ stretching 
1569 1571 1566 1568 aromatic chain 
1601 - 1600 1595 aromatic chain 
 
 
Fig. 4.7 Raman spectra (normalised to 1590 cm-1 peak to aid visual comparison, 532 nm laser, 
200 mW total power) of PEDOT:PSS-coated cottons after the different solvent post-treatments. 
 
For the PEDOT-MWCNT-cotton (dispersion 3), this PEDOT-diagnostic 
peak shifted to 1445 cm-1 (Fig. 4.8(a)), indicating that the PEDOT is in its less 
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conducting benzoid (Cα=Cβ) form (nb. this yarn was not subjected to solvent 
post-treatment). As expected, the spectrum of the PEDOT-MWCNT-cotton was 
similar to that of the PEDOT:PSS-cotton (dispersion 1), but with the addition of 
the D and G bands deriving from the MWCNT content. The spectra of the 
MWCNT-cotton and PEDOT-MWCNT-cotton yarns both contain the D and G 
bands related to the graphitic carbons [271]. The D bands were observed at 
1350 cm-1, activated by defects in the MWCNT structure, whilst the G band 
appears at 1588 cm-1 for MWCNT-cotton (dispersion 2) and 1583 cm-1 for 
PEDOT-MWCNT-cotton (dispersion 3) [271]. This shift to a lower G band 
position occurs because of the increase in tensile stress imparted to the 
MWCNT structure by the presence of PEDOT:PSS, which increases the elastic 
constant of the harmonic oscillation of the C=C bonds in the MWCNT structure 
[272]. The spectra of MWCNT- and PEDOT-MWCNT-cottons have the G-peak 
(1583 cm-1) and D’-peak (1620 cm-1) merged into one, relating to disorder in the 
sp2-hydridised carbon system of the MWCNT chain [271]. For PEDOT-
MWCNT-cotton, the PEDOT Cβ-Cβ symmetrical peak at 1368 cm-1 is hidden 
behind the MWCNT D band peak at 1350 cm-1 and the Cα-Cα inter-ring 
stretching peak (1259 cm-1) is not observed above the strong Raman scattering 
of the CNTs (similarly observed by Mannayil et al. when using a high CNT 
density in PEDOT:PSS-CNT dispersions) [273]. There is a shift in symmetrical 
stretch of Cα-Cβ from 1436 cm-1 (untreated PEDOT:PSS-cotton) to 1445 cm-1 
(PEDOT-MWCNT-cotton). This shift to a larger wavenumber on the addition of 
MWCNT confirms the strong interactions between PEDOT:PSS- and MWCNT-
cotton (see discussion in section  4.4.1) [185]. 
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(a) 
 
(b) 
 
Fig. 4.8 (a) Raman spectra (normalised to 1590 cm-1 peak to aid visual comparison, 532 nm laser, 
200 mW total power) of bare, PEDOT:PSS (with DMSO-EG post-solvent treatment), MWCNT-, and 
PEDOT-MWCNT- (3), and -cottons, and (b) chemical structure of both PEDOT:PSS and MWCNT. 
Colour highlights correspond to Raman shifts in spectra (a). 
 
4.4.4 Scanning electron microscopy (SEM) of conductive cottons 
Scanning electron microscopy (SEM) was performed to determine the surface 
morphology of the fibres (Fig. 4.9). The surface of the untreated PEDOT:PSS-
cotton (Fig. 4.9(b) and (c)) is smoother and less ridged compared to the solvent 
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treated versions (Fig. 4.9(d) to (f)). This is because solvent treatment rearranges 
the polymer chains and removes some of the electrically insulating PSS [102, 
274, 275]. For example, the EG-treated PEDOT:PSS-cotton shows more ridges 
than the DMSO-treated version as EG is more successful at removing PSS 
leading to a larger change in morphology (Fig. 4.9(d) and 4.9(e)) [270, 276, 277]. 
The PEDOT:PSS-cotton treated with both DMSO and EG displayed the most 
ridged surface (Fig. 4.9(f)). This is due to the highest level of PSS removal when 
treated with the mixed solvent regime. These observations correlate to findings 
by Kim et al. who reported a significant decrease in the thickness of the 
PEDOT:PSS films after EG treatment [278]. 
In similarity to the PEDOT:PSS-cotton, PEDOT-MWCNT-cotton has a 
smooth surface because of the lack of solvent treatment, in addition to a few 
clusters possibly due to not fully dispersed MWCNT (Fig. 4.9(h)). In contrast, 
the MWCNT-cotton has a rougher surface where the individual cotton fibres in 
the yarn can still be seen (Fig. 4.9(g)). This is due to a combination of the drying 
and washing steps (involving 70 dips) and because the MWCNT have been 
absorbed into the cotton yarn, rather than just within the surface coating [143]. 
This is because MWCNTs have a more efficient interaction with the cellulose 
and natural polysaccharides in the cotton compared to the PEDOT:PSS [143]. 
Namely, there is strong hydrogen bonding between the small number of 
functional groups (e.g. –OH) on the MWCNT surface and the hydroxyl groups 
of the cellulose in the cotton [264]. There may be some hydrogen bonding 
between the PEDOT:PSS and the cotton. However, this bonding is unlikely 
because of the dependence of the PSS being in a neutral PSSH form, and the 
PSS- interacts strongly with the PEDOT chains [279]. Furthermore, the pH of 
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the PEDOT:PSS solution used for dipping is pH 2, making this additionally 
unlikely [279]. 
 
 
 
 
Fig. 4.9 SEM micrographs of coated cotton yarns. 
100 µm 
Cotton yarn 
b. 
c. d. 
e. f. 
g. h. 
100 µm 
10 µm 100 µm 
10 µm 10 µm 
10 µm 10 µm 
PEDOT:PSS-cotton 
PEDOT:PSS-cotton  PEDOT:PSS-cotton (DMSO) 
PEDOT:PSS-cotton (EG) PEDOT:PSS-cotton (DMSO-EG) 
MWCNT-cotton PEDOT-MWCNT-cotton 
a. 
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4.5 Summary   
In this chapter, new cotton-based electrodes have been developed, which 
proved to be highly conductive and flexible. Formulation involved a simple 
“dipping and drying” approach. Although MWCNT-cotton showed an impressive 
flexibility, the 70 dip cycles required to obtain fibres of low enough resistance 
(55 ± 5 Ω cm-1) is impractical (Table 4.4). The PEDOT:PSS-cotton showed low 
resistance (21 ± 13 Ω cm-1) after only 11 dip treatment cycles (and after 
additional DMSO and ethylene glycol post-treatments) but it also exhibited 
excessive brittleness. As a result, a novel conductive cotton was developed 
using a dispersion containing both PEDOT:PSS and MWCNT. This high 
flexibility PEDOT-MWCNT-cotton showed a low resistance (55 ± 28 Ω cm-1) 
after only 10 dip cycles as well as significant antibacterial properties (without 
any need for solvent post-treatments) (Table 4.4).  
Future work would include enhancing the PEDOT-MWCNT-cotton 
through the optimisation of the ratio of PEDOT:PSS to MWCNT in the dispersion 
used to formulate the conductive-cotton substrates. This would create a fibre 
with the maximum possible conductivity (PEDOT:PSS) and flexibility (MWCNT). 
In the next chapter, pH-sensitive polyaniline will be coated onto this PEDOT-
MWCNT-cotton to form a wearable pH sensor.  
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Table 4.4 Summary data (mean ± st. dev.) for PEDOT:PSS-, MWCNT-, PEDOT-MWCNT-type 
cotton-based electrodes (n=3). 
Coating on 
Cotton yarn 
Solvent post-
treatment 
Dip 
cycles 
Resistance 
/ Ω cm-1 
Ultimate 
tensile 
strength 
/ MPa 
Mean Intensity 
of fluorescent 
bacteria 
/ a.u. 
PEDOT:PSS1 DMSO and EG 11 21 ± 13 52 ± 5 259 ± 67 
MWCNT2 - 70 55 ± 5 227 ± 16 161 ± 4 
PEDOT-
MWCNT3 
- 10 55 ± 28 139 ± 15 64 ± 13 
1 2 wt.%; 2 0.3 wt.%; 3 1 wt.%  
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5. Development of a Conductive Cotton Fibre-based pH 
Sensor 
 
5.1 Introduction  
The development of a wearable pH sensor derived from wet-spun poly(3,4-
ethylenedioxythiphene)-poly(styrenesulfonate) (PEDOT:PSS) fibres and 
polyaniline (PANi) was presented in Chapter 3. It was shown that wet-spun 
fibres had a poor tensile strength (32 ± 11 MPa) and as a result, may be too 
prone to damage for real-life wearable applications (section 3.6.2). Furthermore, 
these fibres had a short lifetime (< 24 h). As a result, in Chapter 4, an improved 
alternative base substrate was developed as a conductive yarn. It was derived 
from the combination of PEDOT:PSS and multi-walled carbon nanotubes 
(MWCNT), deposited onto cotton yarns using a simple “dipping and drying” 
method (PEDOT-MWCNT-cotton). The coated cotton was flexible and highly 
conductive, achieving a low resistance of 55 ± 28 Ω cm-1 (section 4.3.3). Given 
the improvement in flexibility, strength and stability over the wet-spun 
PEDOT:PSS fibres, PEDOT-MWCNT-cotton was explored as an improved 
substrate for a wearable pH sensor. The aim of the work in this chapter was to 
develop a wearable pH sensor using PEDOT-MWCNT-cotton with a higher 
tensile strength and improved response, compared to pH sensors made from 
wet-spun PEDOT:PSS fibres. 
In this chapter, PANi was electropolymerised onto the novel conductive 
cotton base and used for pH analysis. The use of an ion-selective membrane 
was also investigated. The optimised wearable pH sensor, consisting of PANi-
coated PEDOT-MWCNT-cotton yarns, were assessed in both pH-adjusted 
artificial sweat and human plasma matrices. Finally, the mechanical strength, 
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electrochemical stability at various temperatures (25, 30 and 40 °C) and over 
time, biocompatibility and microbiological properties of this system were 
evaluated.  
5.2 Experimental Summary  
The cotton yarns were dip-coated in a dispersion of PEDOT:PSS and MWCNT. 
In order to develop the optimal pH-sensing yarns, the resulting PEDOT-
MWCNT-cotton was either electrochemically coated with PANi or with a pH-
sensitive ion-selective membrane (pH-ISM). The optimised pH indicator fibres 
were analysed by potentiometry (open circuit) vs. a Ag/AgCl double junction 
electrode, and using 50-200 µl volumes vs. the wearable quasi-reference 
electrode (optimised in section 3.3.3). A comprehensive account of the 
experimental methods used (instrumentation, PANi and pH-ion selective 
membrane coating processes, film fabrication process, cell viability and 
microbial testing) are fully detailed in Chapter 2. 
5.3 Development of pH Sensitive Yarns  
5.3.1 Method 1: PANi modification  
Two different methods of constructing pH-sensing yarns were investigated, 
namely, coating with pH-sensitive PANi (method 1) and with a pH-ISM (method 
2). Initial studies found that chemically polymerised PANi nanofibres 
delaminated from the cotton yarns during pH analysis, so this method was 
flawed and electropolymerisation was further investigated instead. PANi was 
electrochemically deposited onto PEDOT-MWCNT-cotton via potentiostatic 
polymerisation. The latter was chosen because of its optimal pH-sensing 
characteristics for previous fibre electrodes compared to the use of cyclic 
voltammetry or galvanostatic deposition (see section 3.3.2).  
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PANi was deposited onto the three types of conductive cotton yarns 
(PEDOT:PSS, MWCNT and PEDOT-MWCNT-cotton as described in section 
4.3). The pH sensitivity was assessed against a double-junction Ag/AgCl 
electrode with an ideal pH sensitivity being -59.2 mV pH-1 at 298 K, as 
determined from the Nernst equation (Eq. 1.3, section 1.2.4.2). 
The PEDOT:PSS-cotton substrate gave the poorest pH sensitivity with a 
slope of -22 ± 9 mV pH-1 (n=3) (Fig. 5.1). The hygroscopic PSS caused swelling 
of the PEDOT:PSS-cotton during analysis, which affected the resistance of the 
electrode by impeding charge transport [228]. The PANi-coated MWCNT-cotton 
and PEDOT-MWCNT-cotton electrodes showed improved pH sensitivities with 
Nernstian responses (-61 ± 4 (n=3) and -61 ± 2 mV pH-1 (n=3), respectively) and 
the greatest precision, shown by the relative standard deviation or RSD values: 
43.1% (PANi-PEDOT:PSS-cotton) compared to 7.1% (PANi-MWCNT-cotton) 
and 2.8% (PANi-PEDOT-MWCNT-cotton) (Fig. 5.1). Although these pH 
responses are similar, the PEDOT-MWCNT-cotton-based electrode provided 
the lowest electrical resistance values using fewer dips (cf. 10 dips, section 
4.3.3), while maintaining flexibility (unlike for the MWCNT-cotton yarns). These 
results confirm the selection of PEDOT-MWCNT-cotton in Chapter 4 for the 
development of a wearable pH sensor.  
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Fig. 5.1 Potentiometric (open circuit) response of the PANi-coated conductive cotton yarns. 
Error bars represent the standard deviation of n=3 replicate samples (in some cases, may 
be masked by symbols).  
 
5.3.2 Method 2: Ion-selective membrane coating  
PEDOT-MWCNT-cotton was coated with a pH-sensitive polymer membrane 
(section 2.5). The pH-sensitive membrane (pH-ISM) was prepared by 
incorporating tridodecylamine as a hydrogen ionophore into a plasticised 
poly(vinyl) chloride (PVC) membrane (section 2.6). This membrane formulation 
was chosen due to its previous success in pH sensing [122, 123, 280]. The pH 
indicator fibre electrodes were fabricated by coating the pH-ISM onto the 
PEDOT-MWCNT-cotton yarns in a series of dips (8 to 16 dips); above 18 dips, 
the resistance was too high for analysis (Fig. 5.2(a)). The membrane thickness 
of the 16 dip-coated cotton yarns was < 266 m (SEM micrograph in Fig. 5.2(a)) 
and the use of overnight conditioning led to no improvement in sensing 
capability. During pH sensing, the tridodecylamine reversibly bound to the 
analyte H+ ions (in the buffered pH solutions) and generated an electrochemical 
potential, which was proportional to the H+ activity (section 1.4.2).  
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The pH sensitivity was assessed from pH 2.0 to 12.0 (the maximum pH 
range of the Britton-Robinson buffer system) for both pH sensing systems (Fig. 
5.2(b)). A lower pH sensitivity and narrower range was observed with the pH-
ISM modified yarn compared to the PANi coating: -43 ± 6 mV pH-1 (n=3) after 
16 dips with no overnight conditioning with a linear range across pH 2.0 to 11.0, 
compared to -60 ± 4 mV pH-1 (n=3) linear across pH 2.0 to 12.0 (closer to the 
ideal Nernst value of 59.2 mV pH-1, section 1.1), respectively. Both these 
sensors cover the crucial pH range (pH 4.0 to 9.0) for wearable pH sensors for 
wound and skin monitoring, as these both lie in this range (sections 1.5.2 and 
1.6.1) [9, 13, 281].  
The use of pH-ISM has been successfully reported by Guinovart et al. 
and Novell et al. [123, 280]. This suggests that the ionophore has been 
successfully embedded in the PVC and thus, the signal (from the pH buffer to 
the ISM) is being effectively transduced. The difference between the pH sensors 
is the conductive substrate used. The pH sensor by Guinovart et al. used 
SWCNT-cotton and Zhang et al. used electropolymerised PEDOT:PSS on a 
screen-printed carbon paste electrode, which achieved responses of -59 mV 
pH-1 and -56 mV pH-1, respectively [94, 123]. This suggests that the combination 
of PEDOT-MWCNT-cotton yarn, as used in the current study, was responsible 
for the poor electrochemical behaviour.  
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(a) 
 
(b)
Fig. 5.2 (a) SEM micrograph of the pH-ISM-PEDOT-MWCNT-cotton. (b) Potentiometric 
(open circuit) response of PEDOT-MWCNT-cotton coated with PANi (PANi-PEDOT-
MWCNT-cotton; blue triangles) and pH-sensitive ion-selective membrane (pH-ISM-
PEDOT-MWCNT-cotton; purple crosses) (16 dips) in buffered solutions of varying pH 
levels vs. a Ag/AgCl double junction electrode. Error bars represent the standard 
deviation of n=3 replicate samples (in some cases may be masked by symbols).  
 
5.4 Characterisation of Polyaniline-coated PEDOT-MWCNT-cotton 
5.4.1 Scanning electron microscopy (SEM) of PANi-PEDOT-
MWCNT-cotton 
The presence of PANi on the PANi-PEDOT-MWCNT-cotton was confirmed by 
SEM, Raman spectroscopy and cyclic voltammetry measurements. 
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Comparative analyses were undertaken on the PANi-coated PEDOT:PSS- and 
MWCNT-cottons.  
SEM was used to determine the morphology of the pH-sensitive coating 
of PANi on the coated cotton yarns. The SEM micrographs in Fig 5.3(e) show 
the edge of the PANi films which have been electrodeposited onto the cotton 
yarns. PANi interacts via strong π-π interactions of the quinoid rings with both 
the PEDOT:PSS and MWCNT material [85, 282-285]. This results in smooth 
and homogeneous PANi films covering the surfaces of the three coated cottons 
(Fig. 5.3).  
Interestingly, PANi has been observed to interact with MWCNT via a 
“wrapping” mechanism. As such, the PANi wraps around the MWCNT to 
envelop its surface [282-284]. This enveloping phenomenon forms a PANi 
tubular layer on the fibre surface [284, 286], as observed on the surface of the 
PANi-MWCNT- and PANi-PEDOT-MWCNT-cottons (Figs. 5.3(a) and (c)). A 
tubular layer is not observed for PANi-PEDOT:PSS-cotton (where no MWCNT 
is present), showing that no enveloping occurs (Fig. 5.3(e)). In addition, the 
PANi film on the surface of the PEDOT:PSS-cotton appears to be porous and 
not compact (Fig. 5.3(e)). This could result in poor electron and ion transfer in 
the film [287, 288], which may explain the mediocre pH sensitivities observed 
for the PANi-PEDOT:PSS-cotton, compared to PANi-MWCNT- and PANi-
PEDOT-MWCNT-cotton (Fig. 5.1). The PANi-MWCNT- and PANi-PEDOT-
MWCNT-cottons have more compact and smooth PANi films due to the 
occurrence of stronger interactions between the PANi and MWCNT (Fig. 5.3(d) 
and (f)).  
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Fig. 5.3 SEM micrographs of bare ((a) to (c)) and PANi-coated ((d) to (f)) conductive cotton 
yarns. The left of the micrograph (e) is the PANi-film and the right is the bare PEDOT:PSS-
cotton.  
5.4.2 Raman characterisation of PANi-PEDOT-MWCNT-cotton 
In acidic conditions (e.g. pH 3.5), the emeraldine base form of PANi is 
protonated to give the emeraldine salt form [229]. Here, the quinoid-imine unit 
transforms into a semiquinone radical cation (Fig. 5.4(a)) [229].  
The Raman spectra of all three PANi-coated cotton substrates were 
similar from fibres which had been immersed in solution at pH 3.5 and confirmed 
the presence of PANi (Table 5.1 and Fig. 5.4(b)). A shift was observed in the 
PANi-related peaks after the addition of the MWCNT to the PEDOT:PSS-cotton, 
shifting from 1477, 1328, 1218 and 1162 cm-1 to 1482, 1336, 1221 and 1163 
cm-1, respectively. These peaks have been assigned to C=N and CH=CH 
stretching (quinone diimine segment; emeraldine base), C-N+. stretching 
vibrations (semiquinone radical cation segment; emeraldine salt), C-N 
stretching (benzenoid diamine segment; emeraldine base/salt) and C-H bending 
(quinone diimine segment of bipolaron; emeraldine salt), respectively (Table 5.1 
10 µm 10 µm 10 µm 
10 µm 10 µm a. b. c. 
d. e. f. 
10 µm 
PANi-MWCNT-cotton 
MWCNT-cotton PEDOT:PSS-cotton 
(DMSO-EG) 
PANi-PEDOT:PSS-cotton 
PEDOT-MWCNT-cotton 
PANi-PEDOT-MWCNT-cotton 
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and Fig. 5.4(b)) [232, 233]. This shift indicates stronger π-π interactions 
between the PANi and the MWCNT than between the PANi and PEDOT:PSS-
cotton [289]. Characteristic peaks are evident in Raman spectra from both the 
emeraldine base and salt, indicating that the emeraldine base in the PANi film 
has not been entirely doped by the H+ ions to form emeraldine salt at pH 3.5. 
There are also peaks at 1617 and 1593 cm-1 corresponding to C-C ring 
stretching (benzenoid diamine; emeraldine base/salt) and C=C ring stretching 
(quinone diimine; emeraldine base) [232, 233]. However, the MWCNT G-peak 
(1583 cm-1) and D’-peak (1620 cm-1), and/or aromatic ring chain vibrations (due 
to the PSS in the PEDOT:PSS component of the PEDOT-MWCNT cotton 
coating) could also be contributing to the intensities of these peaks  [222, 223, 
271].  
 
Table 5.1 Raman spectra assignments for PANi-coated conductive cottons.  
Raman shift / cm-1 Assignments 
1163-1167 C-H bending (quinoid diimine segment; bipolaron) 
1218-1221 C-N stretching (benzenoid diamine) 
1328-1346 C-N+. stretching (semiquinone radical cation segment; polaron) 
1477-1497 C=N and CH=CH stretching (quinoid diimine) 
1589-1593 C=C ring stretching (quinoid diimine) 
1617-1618 C-C ring stretching (benzenoid diamine) 
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(a) 
 
 
(b) 
 
Fig. 5.4 (a) Chemical structure of emeraldine base and emeraldine salt in the bipolaron 
and polaron forms. Colour highlights correspond to Raman shifts in spectra (b). (b) Raman 
spectra (normalised to the 1595 cm-1 peak to aid visual comparison, 532 nm, 200 mW total 
power) of bare and PANi-coated conductive cotton yarns at pH 3.5. Benzenoid diamine, 
quinoid diimine and semiquinone radical cation segments denoted by B, Q and SQR.  
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Raman mapping was performed on a cross-section of a PANi-coated 
PEDOT-MWCNT-cotton to identify whether a coating solely on the outside of 
the thread had been achieved, or whether material had infiltrated into the core 
of the yarn. The spectra using the 785 nm laser showed a stronger intensity 
than the 532 nm laser of the PEDOT peak correlated to 1446 cm-1 (Cα=Cβ 
stretching), and was strong enough to map PEDOT (Fig. 5.5(a)). Mapping of the 
MWCNT was not attempted because the MWCNT-related peaks of D, G and D’ 
bands at 1350, 1588 and 1620 cm-1 are hidden behind the PANi peaks attributed 
to C-N+. and aromatic stretches at 1336, 1593 and 1617 cm-1. Thus, it would not 
be possible to confirm if the intensities observed were due to MWCNT or PANi 
present in the cross-section. It was observed in the white light montage image 
that the polishing of the cross-section has disrupted the circular outer coating of 
the cotton yarn (Fig. 5.5(b)).  
The intensity of the peaks at 1162 (PANi; C-H in-plane bending of the 
quinone diimine segment) and 1446 cm-1 (PEDOT; Cα=Cβ), were used to map 
the location of PANi and PEDOT in the cross-section (Fig. 5.5) While there is 
some PANi present in the core of the fibre, it is evident from the PANi map that 
the majority of this polymer is found as a coating on the outside of the yarn. The 
intensities of the map at 1446 cm-1 showed a large coating of PEDOT on the 
outer part of the thread and also sizeable areas within the cotton core. This 
suggests that the PEDOT-MWCNT ink, which has strong interactions with the 
cellulose and natural polysaccharides in the cotton, has been absorbed into the 
yarn in addition to providing an outer coating. As a result, the inside of the cotton 
yarn was conductive and PANi was also electropolymerised in some areas 
inside the cotton yarn, coating the individual yarn fibrils.  
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(a) 
 
(b) 
  
 
 
Fig. 5.5  (a) Raman spectra using a 532 nm laser (200 mW total power) and 785 nm (300 mW 
total power) laser of PANi-PEDOT-MWCNT-cotton. (b) Raman cross-sectional 
interpolated maps using a 785 nm laser of PANi-PEDOT-MWCNT-cotton. The colour 
scale, red to blue, (red = high intensity, blue = low intensity) represents the intensity of 
the peaks at 1162 cm-1 (PANi semiquinone radical cation) and 1446 cm-1 (PEDOT Cα=Cβ).   
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5.4.3 Electrochemical performance of the PANi-PEDOT-MWCNT-
cotton 
The electrochemical performance of the PANi-modified coated cotton yarns was 
investigated in order to assess the quality of the PANi film formed. Cyclic 
voltammograms (CVs) of the PANi-coated conductive cottons show variations 
in the PANi redox peak potentials depending on which fibre electrode was 
coated (Fig. 5.6). Oxidation peaks at 0.35 V, 0.60 V and 0.87 V vs. Ag/AgCl 
were observed for PANi coated on (DMSO-EG solvent treated) PEDOT:PSS-
cotton, the most conductive of the coated cotton fibres. The first oxidation at 
0.35 V vs. Ag/AgCl corresponds to the conversion from the leucoemeraldine 
base to emeraldine salt. The peak at 0.60 V vs. Ag/AgCl has been attributed to 
the dimer intermediate, p-aminodiphenylamine, which is found at ~0.70 V vs. 
Ag/AgCl [238]. The third peak at 0.87 V relates to the oxidation of emeraldine 
salt to pernigraniline salt.  
The CVs for PANi-MWCNT-cotton and PANi-PEDOT-MWCNT-cotton are 
dominated by the capacitive properties of the MWCNT and PEDOT:PSS. Two 
oxidation peaks are observed above the capacitive background at 0.21 V and 
0.61 V vs. Ag/AgCl for PANi-MWCNT-cotton, and a single oxidation peak at 
0.56 V vs. Ag/AgCl for the PANi-PEDOT-MWCNT-cotton, which are similar to 
previously observed redox couples recorded with PANi-CNTs [290, 291]. These 
two fibre electrodes are more resistive than PEDOT:PSS-cotton and may result 
in less conductive polyaniline being formed on the fibre electrodes. This also 
correlates with the Raman spectra (Fig. 5.4(b)) which exhibit peaks typical of 
those previously reported for oligoanilines [292]. The peak at 1328 cm-1 in PANi-
PEDOT:PSS-cotton is typical for emeraldine salt and corresponds to the C-N+. 
vibration of delocalised polaronic structures. This peak is blue shifted when 
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looking at the spectra for PANi-PEDOT-MWCNT-cotton and merges with the D-
band of MWCNT (1346 cm-1) for PANi-MWCNT-cotton (Fig. 5.4(b)), suggesting 
a relatively lower extent of polaron delocalisation in PANi on these electrodes 
and is in accordance with a lower conductivity of PANi [292].  
 
Fig. 5.6 Cyclic voltammograms of PANi-coated cotton yarns in aqueous HNO3 (1.0 M) at 
0.1 V s-1. 
5.5 Mechanical Properties of PANi-PEDOT-MWCNT-cotton 
The mechanical strength of the pH indicator electrode was assessed (Table 5.2, 
Fig. 5.7; see section 3.6.2 for the mechanical strength of the quasi-reference 
electrode). The PANi-PEDOT-MWCNT-cotton yarns were stiffer than the bare 
PEDOT-MWCNT-cotton yarns (Young’s Modulus of 1554 ± 427 MPa compared 
to 511 ± 115 MPa for PANi-coated and bare PEDOT-MWCNT-cotton, n=3, 
respectively). The stress-strain curves of the PANi-PEDOT-MWCNT-cotton 
display a linear behaviour (Fig. 5.7), suggesting that the coated yarns are stiff 
and do not undergo plastic deformation before failure [265]. This is similar to 
the stiffness effect of the PANi coating observed with the wet-spun PEDOT:PSS 
fibres (section 3.6.2). However, the PANi coating onto the PEDOT-MWCNT-
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cotton enhanced the ultimate tensile strength, causing an increase from 130 ± 
25 MPa (bare PEDOT-MWCNT-cotton) to 212 ± 38 MPa (PANi-coated), n=3 
(Table 5.2), thus achieving a comparable tensile strength to that of the bare 
MWCNT-cotton (219 ± 35 MPa, n=3, Table 4.2, section 4.4.1).  
Fig. 5.7 Examples of tensile stress-strain curves of bare and PANi-coated PEDOT-
MWCNT-cotton. 
 
Table 5.2 Mean ultimate tensile strength (MPa), breaking strain (%) and Young’s Modulus 
(MPa) values for the coated cotton yarns (from the DMA instrument). The errors represent 
the sample standard deviation of three replicate measurements.  
Coated Cotton Yarn 
Ultimate Tensile Strength / 
MPa 
Breaking Strain / 
% 
Young’s Modulus / 
MPa 
PEDOT-MWCNT 130 ± 25 10 ± 2 511 ± 115 
PANi-PEDOT-MWCNT 212 ± 38 14 ± 1 1554 ± 427 
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5.6 Wearable pH Sensor Development  
The analysis of wearable sensors would involve the pH indicator fibre electrodes 
being placed in contact with the skin or a wound, and the pH of small volumes 
of sweat/wound fluid being measured. This necessitates a wearable quasi-
reference electrode (e.g. the Ag/AgCl ink cured onto gauze fabric, as developed 
in section 3.5). The response times of the wearable pH sensor (PANi-PEDOT-
MWCNT-cotton vs. the wearable quasi-reference electrode, Fig. 5.8) were 59 ± 
20 s, n=3 (Fig. 5.9(a)), demonstrating the electrode’s capability for real-time 
monitoring in wearable sensors. This is notably quicker than that obtained by 
the PANi-PEDOT:PSS wet-spun fibres (3.6 ± 2.3 min; n = 3, section 3.6.2). This 
may be due to the addition of hydrophobic MWCNT to the hydrophilic 
PEDOT:PSS coating, reducing the swelling in the PANi-PEDOT-MWCNT-
cotton substrates [228], and thus reduced the time taken for the response to 
stabilise during analysis.  
 
Fig. 5.8 Schematic of the wearable pH cotton-based sensor.  
A Nernstian response of -61 ± 2 mV pH-1, n=3 (across the pH range 2.0 
– 12.0, which spans the required clinical pH range [9, 13, 281]) was achieved 
(Fig. 5.9(b)) with a drop as small as 200 µL of buffered pH solutions placed in 
contact with the wearable pH sensor (see below for discussion on the use of 
smaller drop sizes). For three repeat fabrications of the wearable pH sensor, 
Ag/AgCl coated 
gauze fabric 
(Ag/AgCl-GF)
Potentiostatic-
deposited
PANi-NO3
-
Quasi-reference 
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there was negligible difference in the slope, but variations in the y-intercepts, 
ranging from 367 mV to 447 mV vs. quasi-reference electrode (Fig. 5.9(b)). This 
may be due to the dipping process, causing small variations of the coating 
across the cotton yarns.  These variations between the sensors indicate that the 
wearable pH sensor would need to be calibrated before use. This could be 
achieved through the analysis of standard pH buffer solutions to obtain a 
calibration curve [94].  
There are two notable differences between the PANi-PEDOT-MWCNT-
cotton and the PANi-coated wet-spun PEDOT:PSS fibres (as discussed in 
section 3.3.4); namely, the response time and the linear pH range. This is 
possibly due to the addition of the MWCNT to the PEDOT:PSS-cotton. The 
PANi wraps around the MWCNT-cotton forming a tubular structure (section 
5.4.1), unlike with the PEDOT:PSS material. This wrapping forms an extended 
conjugated network [293], which greatly increases the surface area, allowing 
for very fast and complete ion exchanges within the whole sample (similarly 
observed by Kaempgen et al. who electropolymerised PANi onto a CNT wire 
[64]). This results in a faster response time and a higher sensitivity to lower 
proton concentrations (i.e. a wider pH range: pH 2.0-12.0 of PANi-PEDOT-
MWCNT-cotton compared to pH 3.0-9.0 of PANi-PEDOT:PSS wet-spun fibres). 
This is comparable to previously related studies. Kaempgen et al. achieved a 
Nernstian response across pH 1.0 to 13.0 using electropolymerised PANi onto 
CNT wire [64], and Kulkarni et al. optically sensed across pH 2.0 to 12.0 using 
chemical polymerised PANi-MWCNT nanocomposites [294].  
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 (a) (b) 
 
 
Fig. 5.9 Potentiometric (open circuit) response of the wearable pH sensor: (a) response 
time in buffered solutions to changing pH levels, and (b) response of three repeat 
wearable pH sensors (200 µL sample volume). 
 
From a practical perspective, selectivity is the extent to which a sensor 
can determine pH in the presence of other analytes (interferences) [6] and is 
crucial for the pH indicator fibre electrodes, where various electrolytes and 
metabolites in the sweat/wound fluid are present [175]. The selectivity of the 
PANi-PEDOT-MWCNT-cotton electrode was studied by subsequently adding 
interfering ions at physiologically relevant concentrations, namely, 1.0 mM NH4+, 
1.0 mM Mg2+, 1.0 mM Ca2+, 8.0 mM K+ and 20.0 mM Na+, to a buffer solution 
(pH 4.0) and monitoring the change in voltage (Fig. 5.10(a)). The voltage 
changes observed, determined by a potentiostat, were negligible after each 
addition of the interfering ions and were significantly lower in magnitude to the 
voltage changes observed with pH changes (Fig. 5.10(a)). This indicates that 
this electrode can accurately measure solution pH in the presence of various 
sweat/wound-derived interferences. 
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(a) (b)  
 
 
Fig. 5.10 Potentiometric (open circuit) response of the wearable pH sensor: (a) 
interference study with various sweat-related interferences added to the pH 4.0 aqueous 
samples (20.0 mL), and (b) effect of sample volume reductions (from 50 to 200 µL). 
 
The efficacy of the wearable sensor system was assessed using different 
drop sizes (50 - 200 µL) with the aim to reduce the analyte volume to as little as 
possible. The wearable pH sensor responded effectively to drop sizes as small 
as 50 µL (Fig. 5.10(b)). A Nernstian response was obtained from 50 to 200 µL 
and a similar linearity (R2 = 0.989) and repeatability (similar error bars) was 
observed for the range of volumes (Fig. 5.10(b)).  
The y-intercepts shifted from 560 mV (vs. Ag/AgCl double junction 
electrode) to 402 mV (vs. quasi-reference electrode) when comparing the 
standard cell set-up (Ag/AgCl double junction reference electrode) to the solid-
state arrangement (Ag/AgCl quasi-reference electrode) (Fig. 5.11).  This was 
expected due to the shift in potential when changing the nature of the reference 
electrode in the Nernst equation (Eq. 1.3, section 1.2.4.2). 
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Fig. 5.11 Potentiometric (open circuit) response of PANi-PEDOT-MWCNT-cotton in 
various analyte matrices. Skin and wound beds over pH ranges 4.0 to 7.0 and 4.0 to 9.0, 
respectively. Error bars represent the standard deviation of n=3 replicate samples. DJE 
is Ag/AgCl double junction electrode. 
 
The response of the wearable pH sensor was monitored in pH-adjusted 
artificial sweat matrices (200 µL), containing common skin interferences (6.00 
mM KCl, 0.08 mM MgCl2, 0.18 mM pyruvic acid, 0.17 mM glucose, 5.00 mM 
NH4Cl and 10.00 mM urea), and pH-adjusted human plasma, achieving 
responses of -63 ± 3 (n=3) and -61 ± 4 mV pH-1 (n=3), respectively (Fig. 5.11). 
The y-intercept shifted from 402 mV to 467 mV with pH-adjusted buffered 
solutions and artificial sweat matrices, respectively. The potential of the quasi-
reference electrode (Ag/AgCl paste) is dependent on the Cl- concentration, thus 
it is possible that the high Cl- content in the artificial sweat matrices influenced 
the y-intercept.  
The successful analysis of such a small volume (in the presence of sweat 
interferences and human plasma) clearly demonstrates the potential of the 
PANi-PEDOT-MWCNT-cotton sensing (indicator) electrode. Moreover, it could 
potentially be used in smart wound dressings or dermal patches delivering 
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selective, rapid, and real-time pH monitoring that will not be rendered inaccurate 
in the presence of common skin and plasma components.  
5.7 Temperature Stability and Lifetime of PANi-PEDOT-MWCNT-
cotton Sensor 
The temperature of the skin surface ranges from 32 to 36 °C and wounds from 
31 to 37 °C [46, 47]. Thus, for wearable sweat/wound monitoring, a sensor 
needs to respond effectively to variations in these temperature ranges. At 
temperatures ranging from 25 to 40 °C, a Nernstian response was obtained and 
a small increase in the slope was observed (ranging from -59 ± 2 mV pH-1 to -
62 ± 3 mV pH-1 (n=3) at 25 and 40 °C respectively, Fig. 5.12). These results 
correspond well with the ideal responses calculated from the Nernst equation of 
-59.2 mV pH-1 at 25 °C and -62.1 mV pH-1 at 40 °C [47], and demonstrate the 
ability of the wearable pH sensor to effectively monitor skin/wound beds in on-
site analysis. 
 
Fig. 5.12 Potentiometric (open circuit) response of PANi-PEDOT-MWCNT-cotton in 
buffered solutions of varying pH levels between 25 and 40 °C. Error bars represent the 
standard deviation of n=3 replicate samples.   
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Another important consideration of the pH indicator fibre electrode is 
stability over time. For this, two initial studies were conducted. The first study 
assessed the amount of time the sensor could be stored before losing efficacy 
(storage lifetime) (Fig. 5.13(a)). The pH sensitivity was analysed weekly on the 
same fibres until the slope dropped below 50 mV pH-1 (ca. 15% loss of 
response). The second study assessed the pH sensitivity repeatedly on 
consecutive days until the response dropped to below 50 mV pH-1. The purpose 
of this test was to assess the number of times the pH indicator fibre electrodes 
could be used before losing efficacy (operational lifetime).  
After 21 days of storage, the slope decreased to -44 ± 5 mV pH-1 (n=3) 
across a narrower pH range (pH 5.0 - 12.0), presenting a poor repeatability and 
poor pH response in the lower range (Fig. 5.13(a)). Correspondingly, after three 
repeated uses, the slope of the fibres decreased to -47 ± 6 mV pH-1 (n=3) (Fig. 
5.13(b)). This suggests that the PANi-PEDOT-MWCNT-cotton could have a 
storage lifetime of more than 21 days, but as the fibres had to be tested more 
than three times (days 1, 7, 14 and 21), this may be affecting the results (and 
not storage time).  
It is possible that the number of uses of PANi-PEDOT-MWCNT-cotton 
decreases after this point because the pH-sensitive PANi coating degrades after 
each use. Even so, the wearable sensor would need to be replaced regularly 
during use to avoid inaccurate readings caused by damage from wearing. For 
example, Cass et al. developed a minimally invasive microneedle array and 
during human trials, the wearable sensor was replaced every 24 h to remove 
inaccuracies [295]. Also, the lifetime of normal dressings is less than 5 days to 
 150 
prevent bacterial infection and to allow the cleaning and treatment of the wound 
by medical professionals [296].  
 
(a) 
 
(b) 
 
Fig. 5.13 Potentiometric (open circuit) response of PANi-PEDOT-MWCNT-cotton in buffered 
solution of varying pH levels: (a) after various storage times of 1, 7, 14 and 21 days; and 
(b) after repeat uses. Error bars represent the standard deviation of n=3 replicate 
samples.   
 
The storage lifetime of the PANi-PEDOT-MWCNT-cotton is significantly 
higher than the wet-spun PANi-PEDOT:PSS fibres previously developed, which 
2 4 6 8 1 0 1 2
-2 0 0
0
2 0 0
4 0 0
6 0 0
pH
V
o
lt
a
g
e
 /
 m
V
 v
s
. 
A
g
/A
g
C
l
1 4  d a y s
7  d a y s
1  d a y
2 1  d a y s
-6 0   4  m V  p H
-1
-5 0   4  m V  p H
-1
-5 2   1  m V  p H
-1
-3 2   1 9  m V  p H
-1
2 1  d a y s  (p H  5 .0 -1 2 .0 ) -4 4   5  m V  p H
-1
2 4 6 8 1 0 1 2
-2 0 0
0
2 0 0
4 0 0
6 0 0
pH
V
o
lt
a
g
e
 /
 m
V
 v
s
. 
A
g
/A
g
C
l
4
t h
 u s e
3
rd
 u s e
2
n d
 u s e
1
s t
 u s e -5 9   3  m V  p H
-1
-5 7   1  m V  p H
-1
-5 4   2  m V  p H
-1
-4 7   6  m V  p H
-1
 151 
showed a significant decrease after only 24 h (section 3.3.4.2). This shows the 
success of the PEDOT-MWCNT-cotton as a wearable substrate in comparison 
to the wet-spun PEDOT:PSS fibres.  Also, it is possible that the addition of the 
MWCNT or the cotton yarn increases the stability of the PEDOT:PSS in the 
cotton coating.  
The PANi-PEDOT-MWCNT coating consists of an underlying 
PEDOT:PSS and MWCNT layer  with PANi as a coating on top. CNT and PANi 
have been previously reported to have a good stability over time. A SWCNT-
cotton with various ion-selective (IS) membranes gave lifetimes of two months 
(with air-drying and storing in between weekly measurements) [123]. Although 
they used an ISM instead of PANi, it gives an indication of the potential long-
term stability of CNT-coated cotton. Additionally, PANi has been reported to 
have a long-term chemical stability in air. After 5 years exposure to air, no PANi 
degradation was observed by Hobaica et al. [248]. However, PEDOT:PSS is 
known to be hygroscopic. For example, Kawano et al. reported that the efficacy 
of PEDOT:PSS films fell by 50% after ca. 3 h in the presence of air (in both light 
and dark conditions) [247]. This is further demonstrated by the previously 
developed wet-spun PANi-PEDOT:PSS fibres that had a short lifetime of < 24 
h (section 3.3.4.2). These previous findings indicate that the PANi and MWCNT 
in the PEDOT-MWCNT coating extends the lifetime of the PANi-PEDOT-
MWCNT-cotton, whereas the PEDOT:PSS decreases its lifetime.  
The lifetime could be improved further using additional treatments of the 
PEDOT-MWCNT-cotton yarns prior to PANi coating. For example, Howden et 
al. acid-rinsed PEDOT:PSS films (e.g. with HCl, HBr and H2SO4) and 
successfully increased the stability over time [246]. This is because the 
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treatments caused a tighter chain packing, which provided a better barrier to the 
atmosphere, and removed some of the hygroscopic PSS from the films [246]. 
Thus, future research should include studying the stability of these developed 
fibres by applying the same treatments used for the PEDOT:PSS-cotton 
(solvent post-treatments of EG and DMSO; see section 4.3.1) to remove the 
PSS present in the PEDOT-MWCNT coating.  
5.8 Cell Viability and Microbial Studies 
An initial cytotoxicity test was performed on the pH indicator yarn electrodes to 
assess the toxicity by directly exposing cultured human keratinocyte cells 
(predominant cell type in the outermost skin layer; i.e. the area with which a 
wearable sensor would be in contact [297]) with the pH indicator yarns. 
Biocompatibility is a requirement of wearable sensors to protect the wearer from 
harm or irritation. The yarns were placed on top of skin cells and the cell viability 
was measured at days 1, 3 and 5 after yarn administration.  
A statistically significant decrease (p < 0.05) was observed in the cell 
viability of the bare PEDOT-MWCNT-cotton yarns after 24 h; 63 ± 5% compared 
to 100 ± 10%, n=3, for the control (well of seeded cells without yarns) (Fig 5.14). 
This would suggest potential cytotoxicity of the bare PEDOT-MWCNT-cotton 
yarns. Previous analysis (section 3.6.5) indicated that the PEDOT:PSS-cotton 
is possibly cytotoxic, despite a number of publications reporting the 
biocompatibility of PEDOT:PSS material [298]. The toxicity of pristine CNT is 
widely reported in the literature because it interacts with cell proteins, interferes 
with protein structure, and results in cell death [299]. Previous publications have 
reported that CNT is cytotoxic when it is arranged in clusters [299]. Therefore, 
an even dispersion (i.e. no clusters) of MWCNT in the cotton coating could 
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reduce any cytotoxic effects. As indicated in the SEM micrographs (Fig. 4.9(h) 
in section 4.4.4), there are small concentrated clusters of MWCNT on the 
PEDOT-MWCNT-cotton surface. It is possible that the MWCNT-cotton was not 
fully dispersed in the coating, resulting in clusters of MWCNT and, therefore, 
cell toxicity. The functionalisation of the MWCNT could be investigated in the 
future with the aim of removing any clusters present and hence reduce the levels 
of toxicity. For example, functionalisation involving polyethylene glycol (PEG) 
would disperse any MWCNT toxic clusters in the cotton coating. A recent study 
found that this resulted in the complete disappearance of CNT toxicity [300-
302].  
In contrast, the PANi-coated PEDOT-MWCNT-cotton demonstrated no 
statistically significant change in cell viability throughout the same time periods. 
SEM micrographs indicate that PANi has evenly covered the surface of the 
coated cotton (Fig. 5.3(e), section 5.4.1). Thus, PANi has encapsulated the toxic 
MWCNT clusters, acting as a protective casing around the potentially cytotoxic 
PEDOT-MWCNT-cotton to allow cell viability. This is supported by previous 
publications that have shown PANi to be biocompatible [217, 218], and the 
similar biocompatible effect of the PANi coating on the PANi-PEDOT:PSS wet-
spun fibres (section 3.6.5). Furthermore, the PANi coating would also 
encapsulate the potentially cytotoxic PEDOT:PSS-cotton. Consequently, the 
PANi coating would protect a wearer from any potential cytotoxicity of the bare 
PEDOT-MWCNT-cotton.  
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Fig. 5.14 Cell viability (measured absorbance, 570 nm) compared to the control taken at 
three time points; days 1, 3 and 5 post sensor administration. Wells without sensors were 
used as controls and were considered 100% viable. Error bars represent the standard 
errors of n=3 independent experiments.  
 
The antibacterial properties of the PANi-PEDOT-MWCNT-cotton were 
also assessed. For this, E.coli bacteria, genetically modified to express a yellow 
fluorescent protein, was incubated in contact with the yarns for 4 h (section 2.9). 
The resulting fluorescence intensity was assessed (FITC, 488 nm) to give a 
quantitative indication of the bacterial growth on the yarns. 
PEDOT-MWCNT-cotton previously demonstrated its excellent 
antibacterial properties (64 ± 13 a.u., Fig. 4.5 and discussions in section 4.4.2), 
indicating that the antibacterial qualities of both the MWCNT- and PEDOT:PSS-
cottons are being combined to create a coating that both inhibits bacterial 
adherence and initiates bacteriotoxic activity. PANi-PEDOT-MWCNT-cotton 
demonstrated a similar mean fluorescence intensity of (70 ± 7 a.u., n=3, Fig. 
5.15).  This shows that although the PANi acts as a biocompatible coating to the 
cells, protecting the cells from any potential cytotoxicity of the PEDOT-MWCNT-
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cotton, it does not diminish the antibacterial property of the electrodes. This 
further highlights the potential for PANi-PEDOT-MWCNT-cotton in wound 
dressings, because it should inhibit bacterial growth on the sensor, reducing the 
likelihood of wound infection along with protecting the wound from potential 
cytotoxicity. 
 
Fig. 5.15 Mean intensity of fluorescence (FITC, 488 nm) across a fixed area (0.217 mm2) 
of bare cotton yarn, and bare and PANi-coated PEDOT-MWCNT-cotton with E. coli wild 
type strain expressing yellow fluorescent protein (YFP). Error bars represent the 
standard errors of n=3 independent experiments. 
 
5.9 Summary 
In this chapter, a new wearable pH cotton-based sensor made from the 
electropolymerisation of PANi onto the conductive PEDOT-MWCNT-cotton 
substrate was developed (section 5.3.1) and showed promise. A rapid Nernstian 
response (-59 ± 1 mV pH-1) was achieved over a wide pH range (2.0 - 12.0) vs. 
a Ag/AgCl quasi-reference electrode in a solid-state configuration, even when 
using only 200 µL drops of pH-adjusted artificial sweat and human plasma (Fig. 
5.11). This is analogous to smart dressings for wound monitoring or an 
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epidermal patch. Initial cell viability and microbial studies indicated low 
cytotoxicity as well as promising antibacterial properties (when PANi-coated) 
(section 5.8). Thus, the potential of this sensor concept was highlighted for 
future real-time monitoring of skin and wound pH.   
Future research should include enhancing the stability of the PANi-
PEDOT-MWCNT-cotton by applying post solvent-treatments to the PEDOT-
MWCNT-cotton (prior to PANi coating) (e.g. using dimethyl sulfoxide, ethylene 
glycol). This would remove hygroscopic polystyrene sulfonate (PSS) from the 
coating, reducing moisture uptake and potentially increasing the stability. 
Additionally, the biocompatibility of the pH sensor needs to be further 
investigated. This could include the functionalisation of MWCNT in the coating 
to further reduce the potential cytotoxicity of the PEDOT-MWCNT-cotton (even 
though this toxicity is mitigated by the protective biocompatible PANi coating).   
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6. Conclusions and Future Work 
 
6.1 Chapter 3: Development of a Wet-Spun PEDOT:PSS Fibre-
based pH Sensor 
Wet-spun poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) 
(PEDOT:PSS) fibres (made using the method reported by Reid et al. [4]) were 
used as the base fibre substrate by coating with electropolymerised polyaniline 
(PANi). The pH sensitivity was optimal with 25 µm diameter fibres that included 
a post-solvent treatment step with dimethyl sulfoxide (DMSO) (section 3.4.1). 
The resulting fibre electrodes obtained a near Nernstian response of -56 ± 7 mV 
pH-1 (n=3) vs. a Ag/AgCl double junction reference electrode (Fig. 3.5) and were 
found to exhibit promising antibacterial and biocompatible properties (section 
3.6.4 and 3.6.5).  
A reference electrode in a wearable form is required for on body sensing 
analysis. Various approaches were explored (section 3.5), however, the simple 
approach of curing Ag/AgCl ink onto gauze fabric had the most successful 
response, obtaining minimal potential changes (-1.6  0.5 mV pH-1). Although 
this sensor design allowed wearable pH sensing, there was room for 
improvement. Firstly, the sensors showed a high ultimate tensile strength of 139 
± 11 MPa yet inflexibility with a reasonable Young’s Modulus of 23 ± 5 GPa 
(section 3.6.2). Future work could include investigations into varying the volume 
and type of Ag/AgCl ink used to increase this flexibility. Moreover, the reference 
electrodes were found to be cytotoxic after initial studies. It is suggested that 
this is due to a toxic solvent (methyl carbitol [257-259]) used in the formulation 
of Ag/AgCl ink, since previous studies have shown that Ag/AgCl is not toxic 
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(section 3.6.5). However, it is important to do further extensive biocompatibility 
testing with any new formulation.  
The wearable pH sensor (pH indicator fibres vs. quasi-reference 
electrodes) obtained a Nernstian response from 3.0 to 9.0 in pH-adjusted 
artificial sweat matrices and human plasma. While successful pH sensing was 
achieved, there are improvements needed in this type of pH indicator fibres. The 
stability over time of the fibres was found to be low with a short lifetime of < 24 
h. Although more extensive stability studies are required, these initial results 
indicate that these sensors are useful for short-term/single-use applications, but 
they cannot be utilised in wound management over a series of days. Moreover, 
the resulting pH indicator fibres were weak and brittle/inflexible; 32 ± 12 MPa 
and 2.0 ± 0.9 GPa of ultimate tensile strength and Young’s Modulus, 
respectively (section 3.6.2). This indicated that in a wearable sensor, these 
would be prone to breakages. As a result, a stronger base substrate (i.e. cotton) 
was investigated in the Chapter 4. 
6.2 Chapter 4: Development of a Conductive Cotton Substrate 
A cotton-based pH sensor was developed with the aim of developing a strong 
fibre-based pH sensor. This started with the development of conductive cotton 
yarns to be used as the conductive fibre substrate (Chapter 4).  
A simple “dipping and drying” approach was used and three conductive 
inks were investigated: PEDOT:PSS, multi-walled carbon nanotubes (MWCNT) 
and PEDOT-MWCNT (a dispersion of PEDOT:PSS and MWCNT) (section 4.3). 
Although the MWCNT-cotton demonstrated an impressive flexibility, the 70 dip 
cycles required to obtain fibres of low enough resistance (55 ± 5 Ω cm-1) was 
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impractical (section 4.3.2). The PEDOT:PSS-modified cotton showed a low 
resistance (21 ± 13 Ω cm-1) after only 11 dip treatment cycles and an additional 
DMSO-ethylene glycol post-treatment, but it also exhibited brittleness during 
elongation (section 4.4.2). As a result, a novel conductive cotton was developed 
using a dispersion containing both PEDOT:PSS and MWCNT. This flexible 
PEDOT-MWCNT-cotton showed a low resistance (55 ± 28 Ω cm-1) after only 10 
dip cycles (without any need for solvent post-treatments) as well as significant 
antibacterial properties (section 4.4.2). Most importantly, the mechanical tests 
yielded a robust ultimate strength of 130 ± 25 MPa and low Young’s Modulus of 
511 ± 115 MPa (section 4.4.1); significantly higher strength and similar flexibility 
than that of the wet-spun PEDOT:PSS fibres (bare; 33 ± 21 and 605 ± 107 MPa 
of ultimate tensile strength and Young’s Modulus, respectively).  
An interesting area for future research would be to enhance the PEDOT-
MWCNT-cotton further by optimising the ratio of PEDOT:PSS (which 
contributes to conductivity) to MWCNT (which contributes to flexibility). This 
would allow the formulation of conductive-cotton substrates with higher ultimate 
tensile strength, flexibility and conductivity, with fewer dips. In addition, it has 
been noted previously that the inter-weaving of fibres increases the mechanical 
strength of the final fabric structure. For example, Ramakrishna et al. observed 
an increase in the tensile strength of carbon fibre yarns from 29 MPa (single 
yarn) to 625 MPa (yarns knitted and woven together) [303]. Thus, inter-weaving 
the fibres would be an interesting area for future investigations.  
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6.3 Chapter 5: Development of a Conductive Cotton-based pH 
Sensor  
Lastly, a wearable cotton-based pH sensor was fabricated via 
electropolymerisation of PANi onto the conductive PEDOT-MWCNT-cotton 
substrate. This achieved a rapid (59 ± 20 s), temperature stable, Nernstian 
response (-61 ± 2 mV pH-1) over a wide pH range (2.0 - 12.0) vs. a Ag/AgCl 
quasi-reference electrode in a fully wearable configuration, even when using 
200 µL drops of pH-adjusted artificial sweat or human plasma (section 5.6). 
Initial studies indicated no cytotoxicity and promising antibacterial properties.  
Future investigations could include enhancing the stability of the PANi-
PEDOT-MWCNT via solvent post-treatments. When the pH-sensing yarns were 
calibrated from high to low pH and then back to high again, the pH sensors 
showed near Nernstian responses until after the third calibration cycle. This 
could be a result of the hygroscopic PSS in the PEDOT:PSS of the cotton 
coating (section 5.7). This could be improved by applying solvent post-
treatments (e.g. DMSO, EG) to the PEDOT-MWCNT-cottons (prior to PANi 
coating) to remove any PSS, therefore reducing water absorption and, 
consequently, extending the timespan of the pH sensitivity (section 5.7). 
Furthermore, applying solvent post-treatments may allow the pH-sensing yarns 
to be cleaned easily through machine-washing by reducing any water 
absorbance during the washing process. Washing is especially important for 
smart wound dressings because it would allow re-use of the dressing on the 
same wound while not increasing the risk of infection.  
Furthermore, the biocompatibility of the pH sensor needs more 
investigation. Interestingly, initial results indicated that the PANi is acting as a 
biocompatible protective casing around the potentially cytotoxic PEDOT-
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MWCNT-cotton. The cytotoxicity of the bare PEDOT-MWCNT-cotton may be 
caused by clusters of MWCNT (section 5.8). Functionalisation of the MWCNT 
(e.g. by polyethylene glycol (PEG) [300-302]) could remove these clusters in 
the PEDOT-MWCNT coating, which would, therefore, reduce the cytotoxicity of 
the bare PEDOT-MWCNT-cotton. Future investigations would explore the 
protective effect of the PANi in more detail and any beneficial functionalisation 
of the MWCNT in the PEDOT-MWCNT coating.  
The final area of future work proposed is to combine the pH sensor with 
other sensing yarns, such as temperature sensing. This would give a bigger 
picture of what is happening in the skin/wound. For example, a rise in 
temperature is indicative of a wound infection [304]. 
In conclusion, a wearable pH sensor has been developed from 
PEDOT:PSS-MWCNT-modified cotton, which was coated with 
electropolymerised PANi. It demonstrated a Nernstian pH sensitivity, a rapid 
response, minimal interference to artificial sweat matrices and plasma, and 
antibacterial and biocompatible properties. Future work should investigate and 
improve the stability and biocompatibility of the sensor, and to develop a 
wireless transmitter and multi-sensing yarns. 
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